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ABSTRACT 

In the Canadian Rocky Mountains, Cassiope mertensiana 
(subalpine/maritime) and C. tetragona (artic-alpine/ 
continental) are major components of the healthland 
vegetation that is characteristic of high latitude treeline 
areas. The two species show niche separation along the 
complex gradient of elevation-exposure, in part related to 
physiological differences in plant water relations and cold 
hardiness. 

Cassiope mertensiana occupies protected subalpine sites 
where early (October) and deep (>1.5-2.0 m) snow 
accumulations provide mild winter conditions. Transplants in 
more exposed tundra sites experience lethal desiccation and 
low temperature injury. Plants are cold hardy to only ca. 
-26°C and require the protection of snow cover in severe 
northern winters. Late snow release (early July) reduces the 
potential of summer drought, but atmospheric moisture stress 
can cause midday reductions in turgor and stomatal closure 
even at high soil water potentials. Shoot growth is reduced 
in sites of earlier or later snow release and at higher 
elevations. Greater leaf longevity (5-7 yr) than C. 
tetragona (2-3 yr) may give it a competitive advantage in 
protected sites. 

Cassiope tetragona occupies moderately exposed sites in 
the low alpine zone. Variable early winter snowfalls 
frequently subject plants to desiccating conditions and low 


temperatures (<-25 to -30°C). Plants can tolerate short 
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periods of xylem sap cavitation and subsequent tissue 
dehydration (Y, to ~6.0 MPa). Apical leaves are effectively 
sealed by glandular secretions and frequently survive severe 
desiccation. Plants are cold hardy to below minimum winter 
air temperatures. Moderate snow accumulations (0.5-1.0 m) 
result in June snow release and a potential of late summer 
soil drought. Compared to C. mertensiana, plants are more 
tolerant of atmospheric and soil moisture stress due to the 
relatively elastic cell walls of current leaves which 
maintain positive turgor at low water potentials. Shoot 
growth is favored by early snow release although winter 
Survival is reduced in such sites. 

The evergreen habit and conservative growth strategy 
conveys certain advantages in treeline environments, but 
requires winter snow cover for the protection of erect 
tissues. The greater physiological tolerances of C. 
tetragona may explain why it is more widespread in northern 


alpine regions and the Arctic. 
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I, INTRODUCTION 

At high altitudes and latitudes environmental severity 
increases; low air and soil temperatures, short growing 
seasons, and high wind speeds place restrictions upon plant 
growth and overall species diversity. Beyond the closed 
forest, tree growth and survival are reduced until at 
treeline (krummholz with supranival leaders) this life form 
becomes climatically limited. Treeline is a significant 
boundary in nature separating two fundamentally different 
ecosystems; one dominated by tree Species and the other 
dominated by shrubs and herbs (Wardle 1974). 

Tundra environments, while selecting against trees and 
annuals, favor long lived perennials that either possess 
evergreen leaves or rapidly produce new leaves by 
re-allocation from extensive food reserves (Bliss 1971, 
Callaghan and Collins 1976). Evergreen shrubs of several 
heath families are a major component of the treeline 
vegetation throughout the world and often characterize this 
zone (Bliss 1979, Specht 1979). At higher latitudes in the 
Northern Hemisphere, Cassiope dominated heathlands are a 
major component of this forest-tundra zone vegetation. This 
study examines the factors that influence the distribution 
of two species of Cassiope at treeline in the Canadian Rocky 


Mountains. 
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A. Limitations to Tree Growth at Treeline 

To aid in understanding the dominance of shrubs at 
treeline it is necessary to consider the limitations to tree 
growth in this zone. Alpine and arctic treeline areas in the 
Northern Hemisphere have been linked by continuous routes 
for plant migration during the Quarternary era and are 
floristically related. Evergreen conifers of several genera 
including Abies, Picea, and Pinus are widespread (Baig 1972, 
Wardle 1974), but deciduous genera (primarily Larix and 
Betula) are important in many areas (Richards 1981). 

Numerous hypothesis have been proposed to explain the 
alpine treelines (see reviews by Griggs 1946; Daubenmire 
1954; Tranquillini 1976, 1979; Wardle 1971, 1974). Most of 
these hypotheses involve a factor complex that includes 
plant carbon and water balance, snow, wind, air-soil 
temperature, and mycorrhizal fungi. Early studies showed the 
correspondence of arctic and alpine treelines with the 10°C 
isotherm for the mean temperature of the warmest month 
(Brockmann-Jerosch 1919). This suggests a "heat deficiency” 
affecting the CO, balance of trees so that only respiration 
requirements are met and photosynthates are inadequate to 
maintain a large mass of non-productive woody tissue. The 
"heat deficiency" idea was also involved in an early 
hypothesis that the maturation of shoots of woody plants at 
high altitudes was impaired, giving inadequate resistance to 
winter desiccation (Michaelis 1934a,b). The involvement of 


winter desiccation has been indicated by many studies 
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(Schmidt 1936, Larcher 1957, Lindsay 1971, Hansen and 
Klikoff 1972) but it is not universal (Slatyer 1976, 
Marchand and Chabot 1978, Kincaid and Lyons 1981). 

Several of the hypothesis proposed to explain alpine 
treelines are related and are integrated into models by 
Wardle (1974) and Tranquillini (1979) centered on evergreen 
conifers and involving summer and winter conditions. Various 
internal and external factors reduce summer CO, uptake by 
trees at high elevations which place restrictions on leaf, 
shoot, and root growth, and seed production, with resultant 
negative feed-back effects. In seasons of poor growth or at 
higher elevations, tissue maturation is impeded. Incomplete 
lignification or late terminal bud formation increases the 
chance of damage by low temperatures in early winter. The 
incomplete development of shoot primordia in terminal buds 
reduces growth increments in the subsequent growing season. 
The incomplete cuticular development on leaves increases 
transpiration and results in winter desiccation. The 
krummholz growth form is a result of winter and spring 
desiccation of leaves and buds. Above a certain altitudinal 
zone, evergreen tree species can only exist in the warm 
microenvironments near the ground surface and in microsites 
of winter snow cover where desiccation is avoided. 

Deciduous trees at treeline maintain upright growth and 
often form an open woodland above the limits of sympatric 
evergreen species. The deciduous habit conveys certain 


advantages over evergreenness during the winter which are 
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offset by summer disadvantages. Richards (1981), compared 
the physiological responses of the deciduous treeline 
Species, Larix lyallii, with the sympatric evergreen 
conifers, Abies lasiocarpa and Picea engelmannii. The lack 
of leaves and the isolation of buds from the xylem during 
winter give alpine larch a greater resistance and tolerance 
to winter desiccation than the sympatric evergreens. The 
summer disadvantages of deciduousness are related to the 
adaptations necessary to maintain a positive carbon balance. 
Alpine larch leaves have a high photosynthetic capacity and 
high diffusive conductances, but the high light compensation 
and saturation points restrict it to open habitats. The high 
leaf area to weight ratio permits a high carbon gain from a 
low carbon investment. Summer water use is high and 
photosynthesis is significantly reduced by soil and 
atmospheric moisture stress. He concludes that deciduous 
trees may have an advantage over evergreens in treeline 
areas where summer precipitation is high and regular and 
severely desiccating conditions occur during winter. As with 
evergreen species, summer conditions affect shoot growth and 
Maturation of deciduous trees and increase the 
Susceptibility to winter and spring desiccation damage at 
higher elevations. Thus, the general treeline model for 
evergreens is also applicable to deciduous species. 

An interesting feature of Larix lyallii is that young 
trees (<20-25 yr) maintain a substantial committment to 


wintergreen needles during the critical period of plant 
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establishment and root system development (Richards 1981). 
The wintergreen needles appear to be less susceptible to 
drought stress in the summer and are usually protected from 
desiccation by snow cover in the winter. They provide the 
young trees a summer advantage with no winter disadvantage. 
The change to deciduous needles occurs when rapid height 
growth projects the trees above the winter snowpack. A high 
photosynthetic capacity during summer and a resistance or 
tolerance to desiccation during winter become increasingly 
important. This change in the importance of needle types in 
alpine larch emphasizes the relative advantages of the 
deciduous versus evergreen habits and the importance of 
winter snow cover to protect evergreen leaves from winter 


desiccation for trees at treeline. 


B. Shrub Vegetation at Treeline 

Shrubs are a major component of the vegetation at 
treeline and in the alpine and low arctic tundra in the 
Northern Hemisphere. Deciduous tall shrubs, primarily 
species of Alnus and Salix, are locally important at the 
northern treeline but are uSually restricted to warmer 
Slopes along river valleys and alluvial deposits where the 
active layer depths are greater than the adjacent upland 
tundra (Bliss and Cantlon 1957). Deciduous low shrubs are 
widely distributed in many treeline areas. Salix Spp. are 
common in many mid-latitude mountain ranges, typically 


occurring on mesic sites and in cirque basins (Bliss 1.99753) eae 
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At higher latitudes, Betula spp. increase in importance, and 
this growth form becomes a dominant feature of the 
vegetation on mesic and upland sites where snow 
accumulations are greater than plant heights. Low shrubs are 
increasingly restricted in distribution and importance in 
the more severe environments at higher elevations and in the 
High Arctic. Dwarf shrubs characterize the shrub tundra and 
often form an understory to the low shrub species. These 
dwarf shrubs are primarily heaths (Ericaceae, Empetraceae, 
and Diapensiaceae) and evergreen (Cassiope spp., Ledum spp., 
Loiseleuria procumbens, Phyllodoce spp., Rhododendron spp., 
Vaccinium vitis-idaea, Empetrum spp., Diapensia lapponica), 
although deciduous species (Vaccinium spp., Arctostaphylos 
spp.) are also present. Some evergreen heaths (Empetrum 
spp., Loiseleuria procumbens), evergreen non-heaths (Dryas 
Sspp.), and deciduous non-heath species (Salix spp.) may 
Occur as prostrate or cushion-like shrubs in wind exposed 
Sites at higher elevations and in the High Arctic. However, 
typical habitats of the evergreen dwarf shrub heaths are 
snow covered in winter and nutrient poor. Heathland 
communities are important in many mountain areas and the Low 
Maat wer, but. arewminor.in,ithe High Arcticy.(Bhiss 1.9/7.9). 

Dwarf shrub heath vegetation with a high structural and 
floristic similarity and often with Cassiope as a major 
component or dominant is widespread. Evergreen and deciduous 
Shrubs are part of the hyparctic flora (Yurtsev 1972) that 


evolved during the Pliocene from the alpine tundra of 
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northeastern Asia. From this center of distribution, these 
species spread into "Beringia" (Hultén 1937), the Low 
Arctic, and many subalpine areas at high latitudes. 
Heathiand communities occur in northern and eastern Asia 
(Tolmachev 1966), the European Alps (Schroeter 1926, 
Braun-Blanquet 1954), Scandinavia (Muller 1952, Dahl 1956, 
Gjaerovoll 1956), Iceland (Falk 1940), and Greenland 
(Oosting 1948, Bocher 1954, 1959). In North America this 
vegetation occurs in the Canadian arctic islands (Polunin 
1948), arctic mainland Canada (Corns 1974), arctic Alaska 
(Hanson 1953, Britton 1957, Johnson et al. 1966), the 
Presidential Range of New Hampshire (Bliss 1963), and widely 
in the northwestern United States and Canada. 

Most investigations of treeline vegetation in the 
Pacific Northwest are synecological having concentrated on 
plant community descriptions. Many of these studies include 
mention of dwarf shrub heath vegetation. Historical notes 
are provided by Rydberg (1914a,b), Harshberger (1929), 
McAvoy (1931), and Daubenmire (1943). More recent studies 
have been conducted in the Cascade Mountains of Oregon and 
Washington by Van Vechten (1960), Franklin et al. (1971), 
and Edwards (1980). Douglas (1972) and Douglas and Bliss 
(1977) described plant communities in the subalpine and 
alpine zones of the North Cascades. They stated that the 
Cassiope-Phyllodoce community is the most widespread 
community in this area. Community descriptions in British 


Columbia are provided by Brink (1959, 1964). Here the heath - 
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community was described as moderately chionophilous (Brooke 
et al. 1970) and was designated the zonal community in the 
alpine (Archer 1963). Similar heath shrub communities are 
found in the north central Olympic Mountains (Kuramoto and 
Bliss 1970, Olmsted 1975). Dry summers in these mountains 
restrict the heath communities to cool habitats with deep, 
long lasting snow cover such as north-facing cirque basins. 

Few ecological studies have been conducted in the 
interior mountain ranges of British Columbia, and the 
descriptions of heath vegetation are less detailed. McLean 
(1970) noted the importance of Phyllodoce in the subalpine 
forests of southern British Columbia and indicated that in 
the alpine zone, Cassiope mertensSiana is restricted to 
occasional small pockets with increased moisture. Eady 
(1971) described similar treeline vegetation from the Big 
White Mountains but Cassiope was absent from the area. 
However, Welsh (1971) noted that both Cassiope mertensiana 
and Cassiope tetragona were present in northern British 
Columbia. 

Early descriptions of treeline vegetation in the 
Canadian Rockies are provided by Heusser (1956) and Porsild 
(1959). Recent studies in more southern areas include those 
of Bryant (1968), Bryant and Scheinberg (1970), Trottier 
1972) PBaig’ (1972), “and Kuchar “(.1973) in®southern Alberta, 
and Choate and Habeck (1967) and Bamberg and Major (1968) in 


adjacent areas in northern Montana. Associations dominated 


by either Cassiope or Phyllodoce have been described in 
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Banff National Park by Beder (1967), Broad (1973), and 


Knapik et al. (1973). Studies in Jasper National Park and 


vicinity include those of Kuchar (1972a,b, 1975), La Roi et 
al. (1975), Crack (1977), Hrapko and La Roi (1978), Mortimer 
(1978), Wells et al. (1978), Lee and La Roi (1979a,b), See 
and Bliss (1980), and Hamilton (1981). Two different heath 
communities are usually recognized in these mountains, one 
dominated by C. mertensiana and Phyllodoce, and one 
dominated by C. tetragona. Both Kuchar (1975) and Hrapko and 
La Roi (1978) separated these communities on the basis of 


observations of exposure, time of snowmelt, and soil 


moisture. 


C. Adaptive Strategies of Dwarf Shrubs at Treeline 

Evergreen and deciduous dwarf shrubs possess 
contrasting whole plant strategies of adaptation to tundra 
environments. They are characterized by differences in 
carbon and nutrient allocation which may have functional 
importance associated with particular habitats (Bliss 1962). 
Both growth forms have species distributed widely over 
mesotopographic gradients, and some in exposed sites have 
evolved the cushion habit. Disregarding the latter, some 
habitat generalizations can be made. Both generally occur in 
Sites that are snow covered in winter. Evergreen dwarf 
shrubs tend to characterize sites that are nutrient poor or 
where water stress develops during the growing season. 


Deciduous dwarf shrubs do not show as distinct habitat 
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preferences and tend to decrease with altitude and latitude 
(Tieszen and Wieland 1975, Bliss 1979). The characteristics 
of these two growth forms will be briefly discussed with 
emphasis on the evergreen habit and its success in dwarf 
Shrubs at treeline. 

Dwarf shrubs, as with most tundra plants, tend to be 
long-lived. This condition is favored in severe tundra 
environments with short growing seasons, but is a requisite 
in plants which make a substantial investment in structural 
tissue. Plant longevity may be 30-50 yr or more, but yearly 
shoot growth is limited (1-3 cm/yr). Rates of shoot growth 
tend to be higher in deciduous species (Bliss 1963). The 
energy efficiency of shoot production of heath communities 
may be high (Bliss 1963). Both deciduous and evergreen dwarf 
shrubs compartmentalize 80-90% of current above ground 
biomass in leaves and 10-15% in stems (Johnson and Tieszen 
1976). Leaf expansion occurs rapidly in deciduous species 
and senescence in the fall results in a definite seasonality 
of radiation interception by the canopy. Evergreen species 
may also display a rapid leaf expansion phase, but full leaf 
development is often not reached until near the end of the 
growing season. Functional evergreen leaves are retained for 
2-5 yr or more, allowing a long period of radiation 
interception, particularly in the early season when soil 
moisture is not limiting. The evergreen habit may be a 
general adaptation to shortened growing seasons caused by 


late snow release or late season water stress (Tieszen and 
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Wieland 1975). Net annual production of heath communities is 
often high which appears anomalous considering the slow 
growth rates of the plants. Production rates of alpine 
(Bliss 1963) and arctic (Bliss 1979) heath communities are 
some of the highest reported for tundra plant communities. 

Sexual reproduction, which requires considerable heat 
meput for “fruit aeoPat ten and seed set, may be limited in 
the energy-poor tundra environments (Bliss 1971). Dwarf 
Shrubs, particularly the evergreen heaths, flower 
extensively each year and produce large quantities of small 
seeds, although viability may be reduced. Seed germination 
rates of dwarf shrubs are highly variable and are often low 
for heath species (Nichols 1934, Bliss 1958, Karlin 1978). 
Heath seedlings are often extremely small and have low 
growth rates. Successful seedling establishment occurs 
infrequently and may be substrate limited in the dwarf shrub 
communities (Karlin 1978, Edwards 1980). The low carbon 
investment in reproductive parts (5%) in tundra shrubs may 
reflect the importance of vegetative reproduction in these 
Species (Johnson and Tieszen 1976). Most dwarf shrub species 
produce long-lived rhizomes or root adventituously from 
decumbent shoots (Bliss 1956), and such vegetative 
reproduction maintains most local populations. 

The photosynthetic capacity of tundra species of 
different growth forms appears to be inversely related to 
leaf longevity (Johnson and Tieszen 1976). Evergreen dwarf 


Shrubs characteristically have low rates of photosynthesis 


‘ gP episiaumats descend to noiwowborg Isvane sou 
Woia oy tntaehianc> zuc hemens- syeeqggs io ley agli 
snigia 10 2ete3 soirouBet® \Wesaeig 947 Te 

ets ebiicdases drsan (205) aebih) pisos one (be 


‘wate iaummes gneio sitet »6t Sesioges Jjemigit 


$cc sldesebiones 2s.iiwet (site. poitoybooget ie0 
a? beviell od ven_.fer teed ifn 40('arvaem alee | 
q i os ri 

fh! 


thenwt .f 27 Os 200/48)  a23nemas tivas’.43aay POO Ee 
j 


e» ry 
resoLc  iaGsae5 Restitsts sn? yiteluvies 


lime §o e6toiranio 4p46i s2ubo1g. 606 seey doen af 
ielisacieise Gaad beaees of: esa yeh eigiy sesoes 
vol (nesi<c 296 bna slistisy yidoid ete esdesde Prag bi 
AGTS! ntglielt Ghee!) eatin 0%! alodork). eatesge, 
wol evat bie Tienes viaieieta neste. ots. wea? 
aives5 ?0eattertidsien off f4sem <pttrasnawek » 
dusde-Sreeh et? gis bagiwil esesiadee od ew cae gifs 
Addrey- wot wit . (OBL eGceue- ST) ' nil yeh) asbd, 
ed eduede oibeos ol (2) eaveg <4 tebouge: i 

(| SOmeF ni nots quo qe? SVitRlesi to wogertoqel arf: 
| ' an. 
Rbigeqs desde Ixaeh te0M 61S! coresiT ons neentetiaek 


= 


i. 


)tmast ySaveuslepevie doo v5 2smwori ty bev: l-pamb 

_ qvtdanegey dpmeiGins \ (ace) cei 8) «soodee 
/peisGiveod) isve! jenn acLesni cm arts 

1 ‘ihe netesqe ebm to" (iis8te> oncom 
oy borates ‘Sisezevas: db at6egse gure? wanda 3 


Mami maprprens (aNth, stan tr on9° sosadelt 4 
* pilinedinalieaoerin: 20, etiam Met AVR yi osteetweds 


i 
a _ 


(1-10 mg CO,¢g dry wt~'eh~') which are offset by extended 
leaf longevity. Conversely, deciduous dwarf shrubs have high 
fixation rates (10-40 mg CO,eg dry wt-'‘eh-') and relatively 
short leaf longevity (Hadley and Bliss 1964, Small 1972b, 
Tieszen and Wieland 1975, Johnson and Tieszen 1976). Maximum 
photosynthetic capacities are usually reached in current or 
one year old leaves of evergreen dwarf shrubs and are 
generally lower, although sometimes constant, in older 
leaves (Hadley and Bliss 1964, Grace and Woolhouse 1970, 
Johnson and Tieszen 1976). The lower rates of carbon dioxide 
uptake in evergreen versus deciduous dwarf shrubs is in part 
due to the lower maximum leaf conductances (higher leaf 7 
resistances) of these species (Korner etgal. 100727, Oberbauer 
and Miller 1981). This results in lower rates of water 
uptake and transpiration (Pisek and Cartellieri 1934, Bliss 
1960) and may be an adaptation to water stress (Courtin and 
Mayo 1975). 

The evergreen dwarf shrubs typically possess small, 
Sclerophyllous leaves with a number of xeromorphic features 
that may include a thickened cuticle, sunken or protected 
stomata, or a thick tomentum. These features contribute to 
many of the conservative characteristics of these plants 
Such as the low CO, conductances and photosynthetic rates, 
but they may extend the photosynthetic period in 
Seasonally-water stressed habitats. Evergreen heath species 
frequently experience low leaf water potentials (Small 


1972c, Oberbauer and Miller 1981) and leaf sclerophylly may. 
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provide the cell strengthening necessary to withstand low 
water contents and maintain a positive carbon balance under 
water stress. The increased cutinization and lignification 
and high fiber to protein ratio may be modifications 
necesSary to provide structural strength for overwintering 
leaves (Small 1972b) or a resistance to winter desiccation 
(Gates 1914). Many subalpine and subarctic heathlands may 
also experience seasonal waterlogging (Specht 1981b) and the 
natural xeromorphy of these plants may contribute towards a 
tolerance of conditions in the rhizosphere (Armstrong 1981) 
unrelated to water stress (Small 1972c, Marchand 1975). 

Heathland habitats, both wet and dry, are characterized 
globally by acidic, infertile soils (Specht 1981a). In 
tundra environments, low soil temperatures influence 
nutrient cycling rates and result in low available nitrogen 
and phosphorus which may limit production (Haag 1974). 
Evergreen dwarf shrubs have low levels of these elements in 
their foliage and the evergreen, sclerophyllous habit may 
represent a mechanism for nutrient accumulation and 
conservation (Small 1972a). Low rates of protein synthesis 
and storage (Hadley and Bliss 1964) favors the production of 
Structural tissue (xeromorphic features), making the low 
photosynthetic rates comparatively more efficient in the use 
of acquired elements, particularly nitrogen, in nutrient- 
deficient environmments (Small 1972b, Haag 1974). 

The evergreen, sSclerophyllous habit represents the 


minimum energy cost of drought adaptation and nutrient 


wal fassedo fw od ussaasnen € ' 
$ebdu enosled cod eS av: thay: “S njesctie bow 
agitnnitiaelt Sos nolseeifrsey beasts att; 
enobPys»? tiboa 3d. yah, eisamingerotg .o2 
belsetcivwisve wo) Mepwesta Eeweasusgs ‘ebsvorm 
GOrSscou  ESh T8e0Rl¥ of sSoésai ae, & >> faster An 
Sa sOaelis63: -g7regue Bes saigimive: vase 2 
+ Seen (dtae!l tisacri pet yeottsseu \bSiopeda shia - 
; «ae 


. 
© 


Beet & TLC a rae N° £22 igue oe OF LO hia 
fa€) onowyewsd! aneigacsl deer fe aped.ereea aes 


bpetiee see} linmay! dabhse, ay fap enee 


s 
@ 
f 
i 
w 
} 
‘iad 
if 
4 
i 
te 
ae 
‘we 
ro 
& 
& 
L J 


isULIS2 "Sa7bseiegnses i oa Vek: 
. 4 ‘5 : - og 

\ ee sileve°ws oé DLvU2R3 sts ESTED. one _ 
(ei at) noes DUDS, J fia © Y Bit dat, 


Tt 
i 
a 


: D) 
wit if es4vel Nol SVG. ecuaiie (aun 
. 


4 


mm- SiGe. suollytge rstoae2 ert ik sania wie : 
ota POlrelumesas taf. fet aa) cedoem 6” 
Seesrisnyeshtesoig Jo i2o%s5 wel + (isthe! ia emhey. 
:6 noljisube3g, shiz 2usypi-{koe), celia Sars) veins) 
wo Said grea em, ae ciigsoncrea) eyeeie 
sou sifz si-sderatiee Jom Ylevissssands ce354 of 
“SAS i120 tee. 7). TSp0 s3insebvelust2+eq ans baa 


{Liter peat ,aSkR, faye sonnei i 


aig-wineeadaes slant aoptagaaeresse ieee 
tnezsdun dna nd, ae amguexe 1o-teenp ypiedia paca 


14 


conservation (Mooney 1974). The high energy costs of 
evergreen leaves related to year around maintenance and 
perhaps the synthesis of compounds involving predator and 
overwintering protection (Johnson and Tieszen 1976) are 
offset by a more efficient utilization of limited nutrient 
elements and of a shortened growing season caused by late 
snow release, seasonal water stress, or waterlogging. Thus, 
many of the conservative characteristics of the evergreen 
dwarf shrubs at treeline derive from features enabling the 
plants to maintain the evergreen habit. The adaptive 
strategies of this growth form allows efficient utilization 
of treeline environments. However, the advantages related to 
evergreeness can only be realized if leaf longevity is 
maintained which generally requires the protection afforded 


by winter snow cover in severe tundra environments. 


D. Cassiope 
The genus Cassiope D. Don is a member of the family 


Ericaceae that includes some 100 genera and 3000 species 
occurring on all continents except Antarctica. The 
relationships between Cassiope and the other members of the 
family have been uncertain due to the diversity of the 
Ericaceae (Hooker 1876, Drude 1897, Good 1926, Watson et al. 
1967) and the morphological and anatomical similarities of 
Cassiope and Calluna vulgaris Salisb. (Watson 1964, Stevens 
1970). Cassiope, and the closely related genus Harrimanella 


Coville, have recently been placed in the tribe Cassiopeae 
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Stevens within the subfamily Vaccinioideae Endl. (Stevens 
Lond). 

Cassiope is a small genus of seven (Watson 1964) to no 
more than twelve (Szczawinski 1962) species with its center 
of distribution in the Himalayas and northeastern Asia 
(Stevens 1970). It is a component of the hyparctic flora 
that evolved in part from the "gol'tsy" (alpine tundra) 
_@uring the Pliocene. Most species are restricted to Asia or 
are amphi-beringian where they are found at alpine treeline. 
Cassiope ericoides (Pall.) D. Don barely extends into the 
Low Arctic in northeastern Asia (Tolmachev and Yurtsev 
1980), and C. tetragona (L.) D. Don is widespread 
Circumpolar in the Low Arctic and extends into the High 
Arctic in North America. 

Four major taxa of Cassiope are recognized in North 
America. The following species descriptions and geographic 
distributions derive from a number of sources including Moss 
(1959), Szczawinski (1962), Wiggins and Thomas (1962), 
Porsild (1964), Hulten (1968), Munz and Keck (1973), Welsh 
(1974), and Porsild (1980). Cassiope stelleriana (Pall.) DC 
extends from Japan and eastern Siberia along the coast of 
Alaska and British Columbia to northern Washington (Mount 
Rainier). It differs morphologically from the other North 
American taxa by having adaxially flat, alternate, spreading 
leaves and terminal flowers on short pedicels. Cassiope 
lycopodioides (Pall.) D. Don is also found in eastern Asia, 


and in North America extends from the Aleutian Islands to 
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southeast Alaska and northern British Columbia. Both of 
these species are found at treeline but they are not 
widespread or locally abundant. Cassiope lycopodioides 
closely resembles C. mertensiana (Bong.) D. Don but has 
smaller (1.5-3 mm), pubescent leaves with scarious margins. 
Cassiope mertenSiana, a North American endemic, is found 
from southern Alaska and the Yukon, south to central 
California, and east to Idaho and Montana. Two forms are 
recognized; subsp. mertensiana has puberulent stems and 
pedicels, entire calyx lobes, and glabrous leaves, while 
Subsp. gracilis has glabrous stems and pedicels, and 
minutely-ciliate leaves. Some intermediate forms do occur 
and it is often impossible to Separate subspecies by these 
characters (Szczawinski 1962). Some specimens have thin, 
Scarious leaf margins that suggest genetic interchange with 
C. lycopodioides (Welsh 1974). Cassiope tetragona is the 
most widely distributed taxon in the genus. In North America 
it is found in scattered localities in the High Arctic (to 
north of 83°N in Greenland), is widespread in the Low 
Arctic, and extends south in the interior ranges of the 
Rocky Mountains to Montana. It 1S Separated from the other 
taxa by the presence of a distinct, abaxial leaf groove. Two 
morphologically recognizable forms occur; subsp. tetragona 
is more common in the north, and subsp. saximontana is a 
weakly differentiated Rocky Mountain form with smaller 
flowers and shorter pedicels. Cassiope tetragona is 


biochemically (flavonoids) distinct from the other North 
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American taxa, but the two subspecies.are not clearly 
different (Denford and Karas 1975). Cassiope tetragona may 
hybridize with C. ericoides in Asia (Tolmachev and Yurtsev 
1980), but no hybrids have been reported in North America. 
However, this author has observed plants with characters 
intermediate between C. tetragona and C. mertensiana but 
they are not common and their taxonomic status is uncertain. 

Cassiope tetragona and C. mertensiana, the two most 
common species in North America, are similar in their growth 
habit (Fig. 1). Both are evergreen, dwarf shrubs (0.5-3 dm 
high) with numerous rhizome or stolon-like stems tufted on a 
thick base, and with ascending branches in C. mertensiana 
and somewhat coarser, ascending to erect branches in C 
tetragona. Both species have small, leptophyllous (Raunkaier 
1934) leaves, imbricated in four rows and long-persistent 
after dying. Leaves are sclerophyllous, with a thickened 
cuticle and xeromorphic features. Leaf morphology and 
anatomy are the most obvious characters that separate these 
two species. Leaf shapes are basically similar and of the 
"Calluna" type, i.e. stalkless, sagittate with tails around 
the stem, and closely imbricated. Cassiope tetragona, as 
noted, has a conspicuous furrow down the abaxial surface of 
the leaf. Palisade tissue orientation is reversed in both 
species and occurs on the abaxial surface. The mesophyll 
layer in C. tetragona is spongy and filled with many air 
Spaces. Cassiope mertensSiana leaves are glabrous to 


minutely-ciliate, but C. tetragona leaves are densely 
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glandular on the adaxial surface (with a few trichomes) and 
in the abaxial groove (with many trichomes). Stomates occur 
in a broad band down the center of the adaxial leaf surface 
in C. mertensiana. Stomates of C. tetragona occur ina few 
rows (ca. 5) down the center of the adaxial surface and are 
abundant in the abaxial groove. Leaves of C. mertensiana 
frequently project at a slight angle away from the stem 
exposing the stomates, whereas leaves of C. tetragona are 
more closely imbricated and the stomates more protected. 
Floral characteristics are very Similar in the two 
Species. Flowers are solitary, arising from axillary buds, 
the pedicels longer than the subtending leaves; sepals 2-2.5 
mm long, whitish (C. tetragona) or 2-3 mm long, scarious 
margined, whitish to pinkish (C. mertensiana); corrola 
Open-campanulate with prominant lobes, whitish, 4-6 mm long 
(C. tetragona subsp. saximontana) or 6-8 mm long (C. 
mertensiana); stamens 8 or 10, included; anthers awned, 
opening by terminal pores; ovary 4-5 celled; style 1, 
persistent; stigma small; capsule spherical to ovoid, 


loculicidally 4-5 valved; seeds small and numerous. 


E. Objectives 

Cassiope mertensiana and C. tetragona, as has been 
noted, are major components of the treeline and alpine 
vegetation in the Pacific Northwest, but each species gains 
dominance in different geographic areas (Fig. 2). Cassiope 


mertensiana is abundant in maritime regions but is 
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Figure 2. Range distribution map of Cassiope mertensiana and 
C. tetragona in North America. See text for sources. 
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restricted to lower elevations or more protected sites in 
the drier mountain ranges to the east. In the Cordilleras, 
C. tetragona is restricted to these drier interior ranges. 
The species are sympatric in the Alberta Rocky Mountains but 
are separated along the complex gradient of exposure near 
treeline. Here, C. mertensiana is more common in the upper 
subalpine and occurs above treeline only in protected sites. 
Casiope tetragona often occurs in exposed sites in the upper 
subalpine, but is more common in the low alpine zone. This 
study examines the factors that influence the distribution 
of these two species near treeline in the Canadian Rocky 
Mountains. The main question is why C. mertensiana is 
primarily a subalpine species whereas C. tetragona is 
primarily an alpine species. The emphasis is on the factors 
that limit C. mertensiana at higher elevations and prohibit 
it from occupying the more exposed C. tetragona sites. The 
Objectives of the study are to: 
1. Provide quantitative data for microenvironmental 
comparisons of habitats occupied by C. mertensiana and 
C. tetragona in the upper subalpine and alpine zone. 
2. Compare the physiological responses and adaptations of 


the two species that determine their niche separation. 


Studies of evergreen dwarf shrub heaths at alpine 
treeline in the European Alps (Larcher 1957, Tranquillini 
1963, Caldwell 1970) and in western North American Mountains 


(Olmsted 1975, Edwards 1980) suggest that a wide range of 
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environmental factors and plant adaptations influence their 
success at treeline. These include a difference in tolerance 
to seasonal atmospheric and soil moisture stress during the 
summer and low temperatures or desiccation during the 
winter. From these studies and observations of Kuchar (1975) 
and Hrapko and La Roi (1978), the following hypotheses were 
developed to explain the niche separation of C. mertensiana 
and C. tetragona: 

a. C. mertensiana is unable to tolerate low air 
temperatures during fall and winter in exposed 
microsites and thus avoids these conditions under a 
deep snow cover. 

b. C. mertensiana is unable to tolerate winter 
desiccation in exposed microsites. 

c. C. mertensiana is unable to tolerate late summer 
drought, and 1s therefore restricted to late meltout 
microsites with a more favorable soil moisture 
regime. 

d. C. tetragona is unable to withstand shortened 


growing periods in late meltout microsites. 


A study of the limitations to growth of these two 
Species will aid in understanding the patterning of 
vegetation near treeline in the Canadian Rocky Mountains and 
perhaps help explain the geographic distribution of the 
Species in the Cordilleras of North America. However, this 


Study has broader implications. Most species of Cassiope, as 
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well as most of the evergreen dwarf shrub heaths at 
treeline, occupy upper subalpine habitats similar to those 
of C. mertensiana. Cassiope tetragona is the only member of 
this genus, and one of the few of this growth form, that is 
truly characteristic of tundra (alpine or arctic) 
environments. The above cited studies of treeline heaths 
were conducted on a wide range of genera possessing diverse 
gross morphologies and xeromorphic features. Also, they have 
dealt primarily with upper subalpine species and habitats, 
and neither Cassiope nor alpine heaths have been intensively 
Studied. In contrast, this study focuses on factors limiting 
to C. mertensiana and C. tetragona. The results should 
Suggest environmental and physiological constraints to 
growth of this life form in severe tundra ea do onnenes at 


higher elevations and latitudes. 
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II. STUDY AREA DESCRIPTION 


A. Location 

Signal Mountain (latitude 52° 51' N, longitude 117° 59' 
W) in Jasper National Park, Alberta, was selected as the 
research area (Figs. 3 and 4). The 2 km summit ridge is 2255 
to 2311 m above mean sea peed and is located approximately 
8 km east of Jasper townsite at the extreme NW end of the 
Maligne Range, the easternmost of the Main Ranges of the 
Rocky Mountains in this region. Signal was selected as the 
research area because 1) both C. mertensiana and C. 
tetragona are abundant on the mountain in habitats typical 
of large areas in the Canadian Rockies, 2) the long (500 m 
plus) NE alpine slope provides a gradual gradation in 
microenvironments and plant communities from exposed sites 
along the summit Piece to protected sites near treeline, 3) 
Other researchers have described the flora and many of the 
plant communities of the alpine zone (La Roi et al. 1975; 
Hrapko and La Roi 1978; Lee and La Roi 1979a,b), and 4) the 
alpine zone is accessible in summer (car) and winter 
(snowmobile, snowshoes or skis) via a 9 km fire lookout 
access road. Winter access to the alpine zone, possible in 
only a few areas in the Canadian Rockies, was a prime 
consideration. 

Two study sites were selected on the north slope of 
Signal Mountain (Figs. 5 and 6). Intensive study Site 1 


(2060 m) was located in a C. mertensiana community on a 
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Figure 4. Signal Mountain (S) and the Maligne Range in winter. 
Study sites were located along the NE slope (in shadow), 
from treeline to the summit ridge. The Athabasca River 
Valley is in the foreground and Jasper townsite at lower 
right. Photograph taken from the summit of Pyramid Mountain, 
14 km to the NW of Signal, on December 22, 1974, 
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Figure 5. Two views of the upper subalpine Site 1. 


a. View downslope (to north) across the C. mertensiana 
community. Cassiope tetragona occurs upslope of the 
photograph site. Photograph taken on July 24, 1973. 


b. View downslope along the transect in winter. Shoots of 
C. tetragona are visible in the foreground projecting above 
the 12 cm snowpack; snow depth at the C, mertensiana stake 
(arrow) is 50 cm. Photograph taken on December 21, 1974 
during an early winter with light snowfalls. 
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63 


Two views of the low alpine Site 2. 


alan 


b. 


The upslope end of the transect showing the transition 
from Dryas-Lichen (on the exposed bench to left) to 

C. tetragona-Dryas (downslope to right). Photograph taken 
On October 27, 1974. 


View downslope along the transect. The C. tetragona-Dryas 
community is nearly snow free; snow depth at the 

C. mertensiana stake (arrow) is 180 cm. Photograph taken 
on June 25, 1974. 
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protected slope (32%) with a north aspect (4°). Intensive 
study Site 2 (2195 m) was located in a C. tetragona 
community, also on a protected slope (30%) with a north 
aspect (27°), but at a higher elevation where conditions are 
presumably more severe. Cassiope tetragona was present at 
Site 1 in peripheral exposed microsites and C. mertensiana 
was present at Site 2 in small snow accumulation areas. 

In this study, the upper subalpine zone is defined as 
that area above the continuous forest line but below 
treeline (krummholz with supranival leaders), and the alpine 
zone is that area above treeline and may include scattered 
krummholz. On the north slope of Signal Mountain the 
continuous forest line is at 2015 m and treeline is at 2090 
m. Study Sites 1 and 2 are located in the upper subalpine 


and low alpine zones, respectively. 


B. Geology, Glacial History and Geomorphology 

The Eastern Cordillera of the Canadian Rocky Mountains 
has been subjected to two orogenies. The Cariboo Orogeny 
(early Devonian) had the most effect on strata west of the 
Rocky Mountain Trench and probably resulted in broad folding 
with only very minor intrusions in the Eastern Cordillera. 
The major structural features in the east derive from the 
Rocky Mountain (Laramide) Orogeny, accurately dated as 
Eocene. Compression forces from the west caused folding of 
sedimentary rocks and faulting, with little or no instrusion 


(McCrosson and Glaister 1964). A series of imbricate thrust © 
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sheets has resulted in separate parallel mountain ranges and 
major valleys oriented in a general northwest to southeast 
direction, parallel to the major faults and strike of the 
rock (Roed 1964). The many faults are relatively closely 
spaced in the Foothills and Front Ranges but are more widely 
spaced under the Main Ranges. The main thrust fault in the 
Jasper region is the Pyramid Thrust, a low angle fault which 
parallels the northeast slope of Signal Mountain near the 
Maligne River and bounds the Main Ranges on the east 
(Charlesworth et al. 1967). The Puget or Cascadian Orogeny 
(Miocene-Pliocene) primarily effected the Western 
Cordilleras. 

Subsequent erosion has exposed strata of Paleozoic and 
Mesozoic age in the Foothills and Front Ranges and 
Precambrian to Mississippian age in the Main Ranges. The 
bedrock of Signal Mountain belongs to the Precambrian Miette 
Group whose beds crop out over a wide area of the Maligne 
Range and form low, rounded mountain ridges due to their 
generally recessive nature (Roed 1964). Rocks of the Old 
Fort Point Formation, consisting mainly of slates and 
siltstones, crop out at the Name Site on the southwest 
Slopes of Signal. Overlying these are poorly sorted 
arenaceous and argillaceous sedimentary rocks of the Lower 
Member of the Wynd Formation. The ridge-forming arenaceous 
units, primarily sandstones and conglomerates, crop out 
along the summit ridge. These are interbedded with recessive 


argillaceous beds of slate and siltstone, the weathering of © 
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which has resulted in several elongated troughs and benches 
on the north slope of Signal, nearly parallel with the 
summit ridge. Relatively protected slopes along these 
benches are vegetated by plant communities dominated by C. 
tetragona and C. mertensiana at high and low elevations, 
respectively. Conglomerates and sandstones of the Upper 
Member of the Wynd Formation and the Jasper Formation crop 
out on adjacent slopes of Tekarra Mountain, east of Signal. 
Quartzites of the Lower Cambrian Gog Formation overlie the 
Miette strata and form Spectacular cliffs on the upper 
Slopes of Tekarra. 

The Canadian Rocky Mountains were repeatedly occupied 
by valley and piedmont glaciers during the Pleistocene. 
Pre-Wisconsin Cordilleran glaciers occurred in the Athabasca 
Valley area as evidenced by glacial erratics at high 
elevations east of the limits associated with the Wisconsin 
Cordilleran tills (Bayrock and Reimchen 1975, Roed 1975). 
Wagner (1966) has tentatively correlated the Lower Mountain 
Till from Southwestern Alberta as Illinoian and Shaw (1972) 
suggests these older advances may be synchronous. Roed 
(1975) has differentiated four Cordilleran tills in the 
Hinton-Edson area east of Jasper. Glacial erratics 
associated with the Marlboro Till, which probably represents 
the Early Stage of the Pinedale or Classical Wisconsin 
Glaciation of the Rocky Mountain area of the United States, 
Suggest ice at elevations sufficient to cover Signal 


Mountain. Metamorphic erratics of the Athabasca Valley 
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Erratics Train were deposited near Edson at elevations of 
1585 m by a glacier originating in the northern part of the 
Monashee Mountains and Premier Range of British Columbia and 
crossing the Continental Divide near Jasper (Roed et al. 
1967). Quartzitic rocks derived from the Gog Formation were 
deposited as the Foothills Erratic Train along the foothills 
of Alberta and into Montana by a later coalescence of the 
Marlboro (Cordilleran) and Edson (Laurentide) Glaciers 
(Reeves 1973). The subsequent Obed and Drystone Creek 
Glaciers (Middle and Late Pinedale) also deposited till in 
the lower foothills east of Jasper (Roed 1975). Signal 
Mountain was buried by this Wisconsin ice as evidenced by 
scoured bedrock and roches moutonnées on the summit ridge 
and glacial drift and erratics on the slopes. The Athabasca 
Valley near Jasper was ice-free by 10,550 yr B.P. (Reeves 
1973). 

Periglacial and recent cryopedogenic activity on Signal 
Mountain has resulted in many types of patterned ground 
(Washburn 1956, 1973; Johnson and Billings 1962). Stone and 
vegetation stripes are common on southerly exposures and 
sorted and nonsorted circles, nets, steps, and solifluction 
terraces are abundant on the northerly lee slopes. Snow 
accumulation produces many late-melting and one permanent 
Ssnow-field which supply adequate moisture for the 
Maintenance of these latter features. Nonsorted stepped 
frost boils are common in the C. tetragona communities and 


are active as evidenced by organic matter incorporation into 
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the soil profiles and patterns of root and shoot growth. 
Most of these steps are completely vegetated but many areas 
of bare soil are sufficiently disturbed by spring and fall 
needle ice activity to prevent plant colonization. Greater 
snow accumulation and soil moisture in the C. mertensiana 
communities produces more prominant nonsorted circles and 
nets. These grade from small stepped frost boils (vegetated) 
to larger frost hummocks, depending on topography and water 
Supply. Current activity of these features is also indicated 
by patterns of organic matter incorporation and root growth. 
Ice and frozen soil were observed at 50 cm depth below some 
of these hummocks in early August. Permafrost probably only 
exists below the larger peat hummocks of the alpine bogs 
Surrounding meltwater ponds and below the larger 


Solifluction terraces. 


C. Vegetation 

The vegetation of Jasper National Park is well 
documented (Wells et al. 1978). Based upon vegetation and 
floristics, Jasper lies near the boundary between the 
Northern and Far Northern Rocky Mountain Divisions of 
Daubenmire (1943) and within the Northern Alberta Rocky 
Mountain region of Ogilvie (1962). Three major vegetation 
zones are recognized along an elevation gradient in the 
study area (Moss 1955, Rowe 1972, La Roi et al. 1975): 
montane (1000-1500 m), subalpine (1500-2100 m), and alpine 


(>2100m). Vegetation studies have been conducted in all 
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three zones on Signal Mountain. 

The montane zone has been characterized by the 
association of Pseudotsuga menziesii and Pinus contorta 
(Rowe 1972) and reaches its northern-most limit in the 
eastern Rocky Mountains in the Jasper area. This climax 
forest type occurs on warm, dry sites with south or west 
aspects in the Athabasca River valley (Stringer and La Roi 
1970) and often grades into savanna and Koeleria 
cristata-Calamagrostis montanensis grassland on dry valley 
flats (Stringer 1973). The most extensive montane forest 
type in the area is dominated by Pinus contorta (La Roi and 
Hnatiuk 1980). This type occurs throughout on all slopes and 
valleys, often in dense even-aged stands. It extends into 
the subalpine, even to treeline, where fires have occurred. 
Pinus contorta may be a physiographic climax on some xeric 
Sites, but is fire subclimax on most sites. It is 
Successional in the montane to Pseudotsuga menziesii on dry 
Sites and Picea glauca climax on mesic sites (La Roi et al. 
1975). This latter type is not extensive in the area and is 
restricted to riparian habitats or northerly aspects 
(Stringer and La Roi 1970). The wide-ranging boreal species, 
Picea mariana, is a minor component of these montane 
forests, occurring on wet sites such as fens and peatlands 
Or along stream courses (Laidlaw 1971). It is also common on 
poorly drained sites within the subalpine (Hettinger 1975), 
habitats that are quite extensive on the gentle north slope 


of Signal Mountain. Populus tremuloides occurs in small 
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stands throughout the area on alluvium depositional sites, 
sometimes associated with Populus balsamifera (Lulman 1976). 
It is successional to Picea glauca on mesic sites or 
Pseudotsuga menziesii on xeric sites. 

The dominant forest type in the subalpine zone is the 
widespread climax association of Picea engelmannii-Abies 
lasiocarpa (Biel 1966). Even-aged stands of Pinus contorta 
are extensive due to infrequent but intense fires under 
cool, mesic conditions (Tande 1979). Picea mariana occurs 
locally as noted, and Pinus albicaulis is often found on 
exposed ridges. Closed forest gives way to open Picea-Abies 
woodland on northerly slopes in the upper subalpine, ca. 
1950-2100 m. This forest type is characterized by many age 
classes, vigorous Abies regeneration, and a characteristic 
Shrub understory on hummocky microtopography composed of 
Cassiope mertensiana, Phyllodoce spp., and Vaccinium 
scoparium. Robust herbs, including Artemisia norvegica, 
Pedicularis bracteosa, and Arnica latifolia are also common. 
Study Site 1 is located near the high elevation limit of 
this open forest type, but with low alpine community types 
dominating exposed microsites between Picea-Abies tree 
islands. 

Vegetation patterns in relation to elevation, moisture, 
and fire history have been well documented in the montane 
and subalpine zones of Signal Mountain (La Roi et al. 1975, 
Tande 1979, Lee and La Roi 1979a,b). Fire has been a 


dominant influence in the coniferous forests of the 
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Athabasca Valley in the Jasper vicinity, with large fires 
(>50% of area) occurring at a mean return interval of 

66 yr. Large fires burned portions of the subalpine 
Abies-Picea forests on the north slope of Signal Mountain in 
1889 and 1758, however, the mature climax forest near Site 1 
predates the earlier burn (Tande 1979). Patterns of 
bryophyte and understory vascular plant species diversity on 
Signal Mountain are described by Lee and La Roi (1979a,b). 
Bryophytes have wider tolerances and habitat responses than 
vascular plants along the elevation gradient. 

The alpine vegetation in the Alberta Rocky Mountains is 
dominated by dwarf shrubs including Dryas spp., Salix spp., 
Cassiope spp., and Phyllodoce spp. Dryas integrifolia 
dominates drier sites in the Front Ranges N of 51° latitude, 
whereas D. octopetala dominates ecologically similar areas 
in the Main Ranges and farther south. Heath tundra 
communities, possessing a high structural and compositional 
Similarity, are widespread but increase in importance in the 
more mesic Main Ranges and northern regions. Graminoid 
Species are ubiquitous but the importance of 
Graminoid-dominated communities varies regionally. Dry, 
exposed site species include Kobresia bellardii, Carex 
nardina, C. rupestris, Festuca spp., Agropyron latiglume, 
and Elymus innovatus. Species of mesic, protected sites 
include Carex nigricans, Juncus spp., and Luzula spp. 


Artemisia norvegica and Polygonum viviparum are alpine 


constants. Medium shrubs, particularly Salix barrattiana and 
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Betula glandulosa, dominate wet sites and valley bottoms 
above treeline. 

Several vegetation studies have been conducted in the 
alpine zone of Signal Mountain (La Roi et al. 1975, Hrapko 
and La Roi 1978, Lee and La Roi 1979a,b). Other studies have 
been conducted in the Bald Hills at the east end of the 
Maligne Range (Kuchar 1972a, 1975) and a other areas of 
Jasper National Park and vicinity (Kuchar 1972b, Crack 1977, 
Mortimer 1978, Wells et al. 1978, See and Bliss 1980, 
Hamilton 1981). The alpine flora of Signal Mountain includes 
157 vascular, 57 bryophyte, and 53 lichen species (Hrapko 
and La Roi 1978) and is depauperate compared with adjacent 
areas (Mortimer 1978). The vascular flora is high in 
circumpolar arctic-alpine (30%), amphi-beringian (9%), and 
widespread cordilleran (19%) species and low in 
low-elevation North American (5%) species (Mortimer 1978). 
The alpine vegetation is "northern" in physiognomy and 
floristics. 

A detailed description of alpine plant communities and 
physical habitats on Signal Mountain is provide by Hrapko 
and La Roi (1978), from which the following is derived. 
Fifteen community types, seven Dryas dominated, were 
delineated into four tundra groups. The vegetation in 
exposed sites is dominated by Dryas, and only the 
Dryas-Oxytropis, Dryas-Festuca, and Potentilla-Silene 
communities are found on the dry SW slope. Cassiope 


communities occur only on the leeward NE slope, which is 
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less steep, more heavily vegetated, and with more complex 
vegetation patterns. The Cassiope tetragona-Dryas community 
is very common in slightly concave areas that are protected 
but not deeply buried by winter snow. Salix arctica, S. 
nivalis, and Artemisia norvegica are important as are 
fruticose lichens. The Cassiope mertensiana- Phyllodoce 
glanduliflora community is common in protected microsites 
such as topographic depressions, the bases of solifluction 
terraces, and at lower elevations. Artemisia norvegica is 
also common but graminoids and bryophytes have increased 
importance. Both Cassiope communities occur over large areas 
of alpine tundra in the Alberta Rockies, particularly in 
Jasper National Park and the North. 

Cassiope tetragona and C. mertensiana show niche 
Separation related to exposure, snow accumulation, time of 
snow melt, and soil moisture. Figure 7 shows the 
distribution of Cassiope and community dominants in a 
typical snow accumulation site (Extensive Site 4) at 2135 m, 
intermediate to study Sites 1 and 2. Cassiope tetragona 
becomes more extensive at higher elevations while C. 
mertensiana increases near treeline. Carex-Luzula often 
forms a distinct community in a zone interior to C. 


Mertensiana in sites of greater snow accumulation. This 


vegetation pattern is common in the low alpine and similar 
profiles (often truncated due to microtopographic 
differences) are described by Kuchar (1975), Hrapko and La 


Roi (1978), and Mortimer (1978). 
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D. Soils 

Soils of the montane and subalpine zones in Jasper 
National Park have developed primarily on colluvial, 
alluvial, glacial, and aeolian parent materials. Complex 
geologic structure and variable lithologies, climate, and 
vegetation, influence pedogenesis regionally and locally. 
-Most soils of these zones belong to the Regosolic, 
Brunisolic, Luvisolic, Podzolic, and Gleysolic Orders 
(Canada Soil Survey Committee 1978). Descriptions of soils 
associated with the major vegetation types are provided by 
Biel (1966), Stringer and La Roi (1970), Laidlaw (1971), 
Stringer (1973), Lulman (1976), and La Roi and Hnatiuk 
(1980). 

Pedogenesis in the alpine zone is primarily controlled 
by climate (i.e. low temperature) that inhibits biological 
and chemical processes (Retzer 1965, 1974). Soils generally 
have weakly developed and often thin horizons. Soil pedons 
are often buried or truncated, with discontinuous horizons 
in areas subject to soil creep and frost action. Alpine 
Soils are characterized by accumulations of weakly 
decomposed organic matter in the surface horizons, weak 
Granular structure, silt loam textures with low clay 
contents, and an acid pH that increases with depth (Knapik 
et al. 1973). Illuvation is usually slight and the B horizon 
is primarily altered by oxidation producing a change in 
color rather than texture. Podzolization, resulting in 


Significant amounts of amorphous aluminum and iron 
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compounds, has been reported in geographically widespread 
alpine areas (Bliss and Woodwell 1965: Johnson and Cline 
1965; Sneddon et al. 1972a,b; Van Ryswyk and Okazaki 1979) 
including the Canadian Rocky Mountains (Baptie 1968, King 
and Brewster 1976). Lithic and cryic contacts often occur 
close to the mineral soil surface. 

Alpine soils have been described from a number of 
locations in the Canadian Rocky Mountains including Waterton 
Lakes National Park (Coen et al. 1977), Banff National Park 
and vicinity (Baptie 1968, Beke and Pawluk 1971, Broad 1973, 
Knapik et al. 1973, King and Brewster 1976) and in Jasper 
National Park and vicinity (Kuchar 1975, Hrapko and La Roi 
1978, Mortimer 1978, Wells et al. 1978). Soils belonging to 
the Regosolic, Brunisolic, Podzolic, and Gleysolic Orders 
are represented. These soils have developed primarily on 
thin glacial till and colluvial parent materials but. 
lacustrine deposits occur in localized depressional areas 
(Knapik et al. 1973) and aeolian deposits of volcanic ash 
(Mazama 6600 yr B.P., St. Helens "Y" 3350 yr B.P., Bridge 
River Ash 2400 yr B.P.) are widespread. Podzolic B horizons 
common in many soils of the region, may have resulted from 
degradation of this ash in situ rather than podzolization 
sensu stricto (Beke and Pawluk 1971, King and Brewster 
H976) 2 

Soils of habitats occupied by C. mertensiana and C. 
tetragona have been described from many Alberta areas, and 


Soil Orders include Regosols, Brunisols, and Podzols (Table 
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mertensiana and C. tetragona habitats from 
selected areas of the Canadian Rocky Mountains. 


LOCATION AND 
REFERENCE 


HABITAT TYPES 


C. mertensiana 


C. tetragona 


HIGHWOOD PASS 


Trottier 1972 


BANFF NAT'L 
PARK 


Baptie 1968 


Broad 1973 


Knapik et al. 
1973 


King & Brewster 
1976 


Alpine Eutric &- 
Drystric Brunisols 


(Phyllodoce 
Association) 


Podzo Regosols 

(Phyllodoce-Vaccinium 
Association 

Podzols 

Regosols 


(C. mertensiana 


Association) 
Brunisols 
Podzols 


Regosols 


(Phyllodoce Association) 


Alpine Dystric 
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(Phyllodoce-Antennaria) 


Orthic Humo-Ferric 
Podzols 


(Subalpine-Phyllodoce) 


Orthic Regosols 
(C. tetragona 
Association) 


Podzo & Cryic 
Regosols 


(C. tetragona 
Association) 


Alpine Dystric 
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(C. tetragona) 
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Re SSS 


HABITAT TYPES 


LOCATION AND 
REFERENCE C. mertensiana 


C. tetragona 


JASPER NAT'L 
PARK VICINITY 


Kuchar 1975 Dystric Brunisols 


(C. mertensiana- 


Phyllodoce) 


Mortimer 1978 Orthic Melanic & EButric 
Brunisols 


(Phyllodoce- 
C. mertensiana) 


Wewls-et al. Sombric & Melanic 
1978 Brunisols 


io) 


Sombric Humo-Ferric 
Podzols 


(Phyllodoce- 


C. mertensiana) 


Hrapko & Ortn euSombric 
La Roi 1978 Brunisols 


(C. mertensiana- 


Phyllodoce) 


Dystric Brunisols 


(Dryas- 
C. tetragona) 
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(C. bet ragonae 
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Sombric & Melanic 
Brunisols 


Eluviated Dystric 
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Orthice& 
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Ferric Podzols 
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Dryas 


Orthic Sombric 
Brunisols 


( 


C. yeetbragonas 


(Sas 
Dryas 


° 
= : ah we bh. 


. * @ 
a ee 
ours ft 1anvad 
a 4284 
FACE GEIAS elt 
rr 


“sr anes «3) 


rigduh 2 2) Apa, Blsndoe 


cieainyT oitiage 
lay ha 

' 

‘xplganseae 3 

Hate), 222agee 


alow frac? 


¢ S2te8+ .626en8 
= 


44 


ieee oOlissof Cc. mertensiana sites generally have greater 
horizon development and only rarely do Regosols occur. Soils 
of communities dominated by C. mertensiana-Phyllodoce and C. 
tetragona-Dryas on Signal Mountain were classified as Orthic 
Sombric Brunisols by Hrapko and La Roi (1978). These soils 
had sandy loam to silty loam textures with low clay contents 
(3-15%). Available nutrients, including N and P, were low, 
but K was highest in the soils of C. mertensiana-Phyllodoce 
communities of any examined. Field capacity (-0.03 MPa), 
permanent wilting point (-1.50 MPa), and available moisture 
were highest in the organic horizons of the NE slope soils, 


including those of Cassiope sites. 


E. Climate 
Macro and Meso-climate 

The macroclimate of the Cordilleran region (Hare and 
Thomas 1974) is dominated by the movement of high and low 
pressure systems within the zone of westerlies across the 
many parallel mountain ranges that lie nearly perpendicular 
to the prevailing winds. The maritime influence (moderate 
temperatures, winter maximum and summer minimum 
precipitation) decreases in the lee of successive mountain 
ranges. Conversely, continentality (large temperature 
fluctuations, summer maximum and winter minimum 
Precipitation) increases with proximity to the prairies. 
This is especially true in winter when cold arctic auradrom 


large high pressure systems over the continental interior, 


secoe0e 79 Svs yllezensp onsbt goihanatian =i4 : | 
eiine .szos. ehoraper ok egw gio bae 3H = av 
1p dhe spyhed tyn8- sheliapeitale: 12 Qe Odpaaleod eee 
ss aot }ieesis eyes ataseuon fanpiz nO : 

ayedy .(2T°r) lo of Ene ofqetlt ed « 

Ghhes > (ol daiv eeyydaed mec! yaite 32 


45 ; fos 4 oaibulowl -/ esepeneun eidal 
freg .2 Te. allot ons as 38 ti 
aces Bfat? /Seaimexe -yne %¢ 
jofibes ines . (698-8)! =). Selee onisiie 
shia. Bet iz io ancstnb®?, tina ot cs 


.24ugiez 29GL2S Ss 36 


¢ 
» 


7 go ‘ 
me + ) NOSPS9 ASsSil Gyo, ‘te. 01 Det 
vT yep97 = Hot at) sepa ‘ 
ws one Gord 76. tnegievan eag ‘7d Hetaa tine ef { re 

: 370R 2ea3[(=« =SYW . 36 pron SN naedgiv 
i 4 


- § =. 
teluo basdieg ylisen st) Jkt) 26RNee Sea 
: - NY 1 ee a 
eisishon) sansalini amisoean ait:  esney et Pas 
SMiein Ssntire oe Ta <s Ba wasn le. es ule 
4 S - ‘ d ‘ 7 "7 
Kietnvow sVissetoue jo 3a aft At Seamesseb taekae 
— Po 


sivzgtiagmss sep2s!) Li ilesnemtsGRery isevevned . 
: . Thy : 7 : 


& 
) 
’ 


. ry 7 : 7 - ‘- 2 
MMiinim r9¢nfw Big womestec! 
h - 7 — 


,22i71 89g 54203 Ni bnieoyy Helv: aeees 
Sn hy 


movi is Sii2t& Bioo. ast) yes een 
. ; a 8 tele a 
« 7 : wr 7 » a oy _ : Zi or - » > 
,TolLr2ih! "Ley aenigion sty 450 hemetege: 
Se: et 7 - 
a 


45 


penetrates the mountains from the east. In general, a 
west-east gradient exists of decreasing precipitation and 
increasing temperature variability (especially in winter). 

The climates of the four contiguous mountain National 
Parks lying along the Continental Divide in British Columbia 
and Alberta are discussed by Janz and Storr (1977), from 
which much of the following is derived. Spatial variations 
in mesoclimates are pronounced due to topographic 
influences. Dry valleys are continental while a more 
maritime climate may exist at higher elevations. Jasper 
townsite has one of the most continental climates of 
reporting stations in the region. This is reflected in the 
magnitude and variability of its temperatures and 
precipitation. Summer temperatures are higher and annual 
Precipitation totals lower than most mountain or foothill 
sites in west central Alberta. This may be influenced by a) 
Jasper's low elevation (at 1061 m it is one of the lowest 
reporting stations in the Parks), b) Jasper's northerly 
Macitude and proximity in winter to cold, arctic air, and c) 
a rain shadow effect (Powell and MacIver 1976), in part 
derived from the presence to the west of Mt. Robson, the 
highest mountain along the Divide. Storm tracks during 
Summer frequently bypass Jasper townsite on the south and 
Move up the Athabasca River Valley (Tande 1977). 

A climatic diagram for Jasper townsite is presented in 
Fig. 8 (see Appendix for Atmospheric Environment Service 


"Normals"). The macroclimate is characterized by cold and 
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Jasper townsite,Alberta (1061m) 2.9C 401mm 


Figure 8. Climatic diagram (after Walter 1973) for Jasper townsite, 
Alberta, 1061 m, 529 53 N, 1189 04 W. Upper line is mean 
monthly precipitation; lower line is mean monthly 
temperature; solid bar is months witn mean daily minimum 
temperature <0°C; hatched bar is months with extreme 
minimum temperatures <0°C; mean annual temperature is 
2.99C; mean annual precipitation is 401 mm; years of 
record is 44; mean frost-free period (1941-70) is 84 d. 
Temperatures on left, in descending order: extreme 
maximum, mean daily maximum warmest month, mean daily 
minimum coldest month, extreme minimum. 
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snowy winters, with cool and rainy summers (Dfb after 
Koppen). These conditions also exist in Banff and most other 
montane zones of the region. Jasper has a mean annual 
temperature of 2.9°C. The annual temperature range between 
the mean daily maximum of the warmest month and the mean 
daily minimum of the coldest month is 39.7°C, and the 
extreme range is 83.4°C. Diurnal fluctuations are high, 
compared with other regional stations. July, the warmest 
month, has a mean daily temperature of 15.1°C, and a mean 
daily maximum of 22.8°C. Summer temperatures exceed 21°C on 
one out of three days during June through August, and exceed 
27°C on one out of five to six days during July and August. 
Frost can occur during any summer month but the frequency of 
occurrence is low (one day per month during June through 
August). The mean frost-free period (1941-1970 records) is 
84 days (7 June-31 August) but extremes of 21 and 127 days 
have been recorded. January is the coldest month with mean 
daily temperatures of -11.8°C and mean daily minimum of 
-16.9°C. Winter minimum temperatures show greater deviations 
from the mean than summer. Cold temperatures are pronounced 
(especially in valleys) during winter. Extreme minimum 
temperatures of <-40 to -45°C have probably occurred in all 
areas of Jasper National Park. The probability (P) is >0.25 
that temperatures <-30°C will be recorded during December 
and January and P>0.10 during November through February at 
Jasper townsite. Temperatures in the ~25 to -30°C range 


Occur during most years. 


redio see how 2Rnaa mk seit ele aniston ia 


Daea0s* Gj Jeupy Mes FF Sa, ealesieh “ous 


inte G30) oboaaue gates nn ioum abba 


isurte Asem 6 Gan laste ‘(aelpalt ed> we 
jesvied sere swiasegnet badage oft a eae! 
nes ats bug (ivon t4emSep Ste-8o el aee-s 


7 
= 


i) 
mer 
ve O°. @£ ef done peebiog ofS Jo me 


sue eng aeudnil? deem )a°s 0 eleeee 
risv sos: yw na sholjgie Janggget asdso: ss 

as 5 (O08 >) 9-8 et te e320 elees? ei feb naee | | 

2 J. o Sesows: Bete toyeqees” VSmele Sb RS ies 
ote Giut Gelse® eyeh clea? svi) 36 

adc 139 égnoa. temaue yas. ectwe a 

st 7! enub Brimwp fines sag Yad sina sone 
¢) (abacoat r-tet) bolzeq avyt- 3902? nach. 
eyeb TS) Bae te yo aanerteh | aude \ tan QUA te ‘ oe 
fsom Stee diode seaeies me eigaeuasG 6B 


rs 


SSs0uoNoss £76 asuidta: fe 
muslim pee 


ad 


tednigsst ie if 
16 qHsuagey i = 
apnea, ade od ¢ 


ie 


ee 


48 


Higher elevations around Jasper townsite would show 
both a decrease in maximum and minimum temperatures and 
temperature range. The spring-fall lapse rates probably 
range between the moist (5.5°C/km) and dry (9°C/km) 
adiabatic lapse rates in the free atmosphere. Jasper 
National Park tends to be slightly more isothermal (i.e. 
lower lapse rate) than the other contiguous Parks (see Figs. 
4.3b-d in Janz and Storr 1977). Free air mass stability is 
greater in winter than in spring and summer. Winter air 
temperatures are often isothermal up to ca. 2100 m. 
Temperatures at high elevations often vary little or are 
even warmer than valley sites. The frequency of very low 
temperatures is reduced at higher elevations. Inversions may 
be deep and prolonged in winter with cold air trapped in 
valleys. Summer inversions are less frequent and more 
diurnal in nature. 

The precipitation regime of Jasper townsite is 
typically continental with extreme variations between years. 
The mean annual precipitation is 401 mm but extremes of 219 
mm and 580 mm have been recorded. Precipitation occurs with 
a frequency of one day in three (yearly) with a maximum in 
June through August (13 days per month) and a minimum in 
February through May (7-9 days per month). Jasper is the 
least snowy of all reporting stations in the contiguous 
Parks (31.5% as snow) and the frequency of summer snow is 
low. Jasper has a high frequency (one year in six) of low 


autumn snowfalls, conditions that are usually associated 
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with warm, dry, westerly flows, but occasionally with cold, 
dry periods. The maximum snowpack usually occurs in late 
March or April. 

A more maritime precipitation regime is found at higher 
elevations. These areas experience less year to year 
variation, and more of the precipitation occurs during the 
winter, and as snow throughout the year. Rough estimates of 
precipitation on Signal Mountain may be derived from 
elevation versus precipitation equations of Janz and Storr 
(1977). The estimated mean annual precipitation for 2200 m 
would be about 600 mm with up to 80% occurring as snow. The 
maximum snowpack at higher elevations probably occurs in 
late April or May. 

Microclimate 

Limited microclimatic data are available for the alpine 
zone of Signal Mountain. La Roi (unpublished data) suggests 
that at timberline (ca. 2050 m) the mean annual temperature 
is ca. -4.5°C (annual lapse rate of 7.5°C/km from Jasper 
townsite) and annual precipitation may exceed 700 mm. 
Temperature (air, soil), radiation, precipitation, relative 
humidity, and wind data for July and August, 1967, are 
presented for Signal Mountain by Hrapko (1970) and Hrapko 
and La Roi (1978). Comparisons are made with Jasper townsite 
and between various microsites in the alpine zone. Diurnal 
temperature fluctuations were less on Signal than at Jasper. 
Maximum temperatures on Signal were consistently lower but 


Minimums were often higher, particularly during warmer 
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periods. Temperatures at +135 cm showed a maximum of 22°C 
and an absolute range of 38°C. Temperatures <0°C occurred on 
four dates. Greater diurnal variation occurred nearer the 
soil surface (+50 and +18 cm) but were reduced below ground 
(-2 and -10 cm). Frequent cloud cover, particularly in 
afternoons, reduced actual radiation from potential. Maximum 
and minimum daily irradiance values were 35.1 and 7.5 
MJem-?ed-', respectively. Precipitation during the study 
period was only 61% of Jasper's and approximately 18% 
occurred aS snow. Relative humidity varied between 20 and 
100% and the maximum vapor pressure deficit recorded was 2.2 
kPa. Mean wind speeds at the fire lookout were 10.0 km/hr. 
Higher winds were usually associated with warmer weather or 
the warmest period of the day. Prevailing wind directions 
were WSW (from the Yellowhead Pass) but upSlope S winds were 
also common and occasional NE winds occurred, usually 
associated with precipitation (particularly snow). Calm 
periods were rare and of short duration. 

Microsite variability was high and slope aspect and 
Other topographic features were more important than 
elevation in determining microclimates. Site variation was 
greater in maximum than in minimum temperatures. 
Temperatures (air and soil) and wind were positively 
correlated with exposure. South slope sites had higher 
Maximum and minimum temperatures and wind speeds than north 
Slope sites. Soil temperatures were negatively correlated 


with soil moisture and plant cover and were less at north 
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slope sites. 
Bieyotudy Years: 1973-1975 

Inferences concerning the "normality" of the study 
years can be made by comparing Jasper townsite data for 
these years with the longterm record (see Fig. 9 for 
comparisons and Appendix for Atmospheric Enviroment Service 
data). This comparison can be used to project seasonal 
microenvironmental conditions for Cassiope habitats on 
Signal Mountain. It can be estimated that snow melt occurred 
early in 1973 due to above-normal winter temperatures and 
below-normal precipitation. The 1973 summer had near-normal 
temperatures, but was dry with high soil moisture deficits. 
Below-normal temperatures and above-normal precipitation in 
early winter 1973-74 resulted in early and deep Snow cover. 
Snow release of Cassiope habitats was delayed in 1974. The 
1974 summer had near-normal temperatures and the slight 
Summer precipitation deficit was probably ameliorated by the 
late snow melt. Fall 1974 was dry with little snow. Snow 
cover was delayed and potential desiccating conditions 
existed through early winter. Plants in very exposed 
microsites might have been exposed to low temperature injury 
in mid winter. A near-normal year was probably represented 
in 1975, but with greatly fluctuating monthly temperatures 
and precipitation. Delayed melt of a below-normal snowpack 
Probably resulted in near-normal snow release. The arrival 


of fall snow in 1975 was intermediate to 1973 and 1974. 
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Figure 9. Monthly and (annual) deviation of temperature and 
precipitation (hatched) at Jasper townsite during a 
study years (1973-75) from 1926-75 'normals' (bold line). 
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The variability in the study years allows the following 


conditions to be accessed with respect to the proposed 


hypotheses concerning Cassiope habitat selection: 


i 


Documentation of the winter snow regime in years of 
above and below-normal winter precipitation and both 
early and late snow cover and release. 

Documentation of the summer snow-free period in years of 
early and late snow release. 

Possible soil moisture stess in a year (1973) of early 
snow release coupled with a summer precipitation 
deficit. 

Possible desiccating conditions in fall and early winter 
(1974) due to above-normal temperatures and below-normal 
precipitation. 

Possible periods of low temperature stress (late winter 
1974-75) due to below-normal temperatures and 


precipitation. 
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III. THE CASSIOPE HABITAT 


A. Vegetation and Environmental Gradients 
1. Microtopography 

a. Methods 
A transect was established in 1973 at each Site to compare 
Species distribution patterns, responses of Cassiope (growth 
rates, phenology, and water relations), and changes of 
environmental parameters along a topographic gradient. The 
BeansectsS extended downslope and crossed both the C. 
tetragona and C. mertensiana communities at each Site. The 
transects at Sites 1 and 2 were originally 52 and 60 m in 
length, respectively, but were extended in 1974 to 95 m to 
include a greater variety of habitats. They were marked with 
2.75 and 4.25 m snow stakes (2.54 cm conduit) and were 
Surveyed at 1 m intervals with a transit to establish a 
topographic profile. 

b. Results 

The mean slopes of Site 1 and 2 were 32.8 and 30.0%, 
respectively (Figs. 10 and 11). Small changes in 
Microtopography of up to 1.3 m above or 0.3 m below the mean 
Slope resulted in abrupt changes in community patterns and 
Species distribution along the transect. Convex, upslope 
Surfaces were more exposed and supported chionophobic 
Species while concave, downslope surfaces were more 


Protected and supported chionophilic species. 
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2. Vegetation 
a. Methods 


The vegetation along each transect was sampled in order 
to relate changes in species composition and structure to 
changing environmental parameters. Ten sample points were 
located at 4-15 m intervals along each transect, the spacing 
eee dent upon the abruptness of observable vegetational or 
environmental gradients. At each sample point a 10 m line 
(bisected in the center) was laid out perpendicular to the 
transect, and ten 25 X 25 cm quadrats randomly placed along 
each line. Rectangular quadrats are commonly used but 
Eddleman et al. (1964) indicated that quadrat size and 
number are more important than quadrat shape for tundra 
vegetation. Size and shape were chosen to facilitate 
comparisons with other studies in the area (Hrapko 1970, 
Kuchar 1975, Hrapko and La Roi 1978, Mortimer 1978). A 
minimum of forty quadrats were placed in the primary plant 
community at each study Site. This was a 50 to 100% larger 
total sample size than used by the above researchers for 
Similar vegetation and well beyond the point where the 
Species-area curve began to flatten (Cain 1938). 

Cover was estimated using a modified 
Braun-Blanquet--Daubenmire cover scale (Table 2). The median 
bercentage cover of ee class was used to calculate the 
average cover for a species. The narrow ranges of the lower 
cover classes are suitable for alpine vegetation in which 


many species have low cover. The broad ranges of the higher » 
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Table 2. Cover scale used in vegetation sampling. 


CLASS PERCENTAGE COVER MEDIAN 

sr 
7 96-100% 98.0% 
6 76-—95 86.0 
S) Sitar eo 630 
4 PAS alee oy 8) Sonu 
3 16>" 25 207 0 
2 6=:15 107-0 
1 to 3.0 
+. under 1 O5 
R RARE OF 


cover classes are less accurate and probably underestimate 
cover for these species. 

Voucher specimens were collected from the two intensive 
Sites and have been deposited in the University of Alberta 
Herbarium. Nomenclature of vascular plants follows Moss 
(1959), except Minuartia (Wolf et al. 1979), and Dryas 
Octopetala L.(instead of D. hookeriana Juz.). Nomenclature 
of bryophytes and lichens follow Crum et al. (1973), and 
Hale and Culberson (1970), respectively. 

b. Results 
Site 1 
Cover of major vegetation components and dwarf shrubs 


along the transect at Site 1 are shown in Figs. 12 and 13 
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(see Table 3 for a complete listing of vascular species). 
The abrupt transition between communities and species that 
occurred at 35 m downslope was related to microtopography 
(see Fig. 10). Total vascular plant cover increased in the 
more protected areas downslope from a mean of 40% in the C. 
tetragona-Dryas community to 71% in the C. mertensiana 
community. Cassiope tetragona and Dryas octopetala were the 
major vascular species in the former community and together 
constituted 70% of the total vascular cover. Cassiope 
mertensiana constituted 70% of the total vascular cover 
downslope. Bryophyte cover was variable (4-16%) but slightly 
higher in the C. tetragona-Dryas community. Lichen cover was 
uniformly low (<5%). Litter was negatively correlated with 
total vascular cover due to the importance of Cassiope. Old 
leaves of Cassiope remain attached to the living shoots and 
decompose in situ, producing little litter. The amount of 
bare ground was negligible except at a locally disturbed 
area cas..i0..m. 

Total number of vascular species sampled in the C. 
tetragona-Dryas community was 24, with a mean of 16 per 
Sample point. The C. mertensiana community had greater 
diversity with 35 species sampled, and a mean of 21 per 
Sample point. This was due to the presence of several alpine 
species in trace amounts and a larger number of subalpine 
Species. Cassiope tetragona, Dryas octopetala, and Salix 


arctica had mean covers of 15, 13, and 3%, respectively, in 


the C. tetragona-Dryas community. Cassiope mertensiana and 
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Figure 12. Cover of vegetation components along the transect at s 
See Fig. 10 for topographic profile and key to community 


dominants. 
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Figure 13. Cover of Cassiope spp. and major dwarf shrubs along the 


transect at Site l. 
and key to community dominants. 
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Salix arctica had mean covers of 52 and 4% in the C. 
mertensiana community. The only other species with high 
cover was Phyllodoce glanduliflora/intermedia, but it was 
more important in the transition zone between the 
communities. All other species were of minor importance with 
cover values <1-2%. 

Vascular species found in greater abundance in the ce 
tetragona-~Dryas community include Pedicularis capitata, 
Potentilla diversifolia, Polygonum viviparum, and Equisetum 
scirpoides. Most of these are alpine constants in mesic 
habitats. The dominant bryophytes were Hylocomium splendens, 
Dicranum acutifolium, Pohlia cruda, and Hypnum revolutum. 
Lichens were predominantly fruticose species including 
Cetraria islandica and Cladonia spp. Vascular species found 
in greater abundance in the C. mertensiana community include 
Veronica alpina, Antennaria lanata, Luzula parviflora, and 
Juncus drummondii. The dominant bryophytes were 
Brachythecium sp., Barbilophozia lycopodioides, B. hatcheri, 
and Pseudoleskeella tectorum. Lichens were predominantly 
foliose species including Peltigera canina and P. aphthosa. 
Several species were common in both communities including 
the alpine species Salix arctica, Artemisia norvegica, and 
Poa alpina, the subalpine species Phyllodoce glandulifora/ 
intermedia, Arnica latifolia, and Erigeron perigrinus, and 
the bryophyte, Drepanocladus uncinatus. The presence of 


these latter is indicative of the protected nature of this 


Study Site. The C. tetragona-Dryas community at this site 
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was more mesic and differed structurally and floristically 
prom the C. tetragona-Dryas community at Site 2. 
Site 2 

Cover of major vegetation components and dwarf shrubs 
along the transect at Site 2 are shown in Figs. 14 and 15 
(see Table 4 for a complete listing of vascular species). 
Community patterns and species distributions were more 
complicated than at Site 1 and microtopography (see Fig. 11) 
exerted a greater influence at this more exposed alpine 
Site. Total vascular plant cover was lowest in the 
Dryas-lichen community (X = 27%), intermediate in the C. 
tetragona-Dryas community (X = 49%), and highest in the C. 
mertensiana community (X = 76%). The latter two were 
comparable to their respective communities at Site 1. 
Dominance was even more highly restricted at Site 2, and in 
both the C. tetragona-Dryas and C. mertensiana communities, 
82% of the total vascular cover was contributed by the 
indicator species. Cassiope mertensiana was only a minor 
component (% cover) of the Antennaria lanata/Carex 
Nigricans-C. mertensiana communities but it provides a 
characteristic physiognomy to these areas dominated by small 
herb and graminoid species. Bryophyte cover was comparable 
to the respective communities at Site 1 and was again higher 
in the C. tetragona-Dryas community (X = 13%) than in the C. 


mertenSiana community (X = 6%). Bryophyte cover was low in 


SS 


the exposed Dryas-lichen community (X = 5%) and the Carex 


Litter was 
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Nigricans- C. mertensiana community (X = 4%). 
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i 7 teat Site 2. 
Figure 14. Cover of vegetation components along the transec 
See Fig. 1 for topographic profile and key to community 


dominants. 
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Figure 15. Cover of Cassiope spp. and major dwarf shrubs along the 
transect at Site 2. See Fig. 11 for topographic profile 
and key to community dominants. 
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lowest in the C. mertensiana community (X = 7%), 
intermediate in the C. tetragona-Dryas community (X = 25%), 
and highest at the two ends of the exposure gradient 
(Dryas-lichen X = 36%, Carex nigricans-C. mertensiana X = 
58%). Percent bare ground followed a pattern directly 
related to exposure and was lowest in the C. mertensiana 
community 2Ae Be Gseee in the Dryas-lichen community. 

Total numbers of vascular species sampled were highest 
in the C. tetragona-Dryas community (28) and Dryas-lichen 
community (23), and lowest in the C. mertensiana community 
(13). Mean number of species per sample point in the C. 
tetragona-Dryas community was similar to Site 1 but the C. 
mertenSiana community was floristically depauperate. Mean 
cover of C. tetragona (30%) and C. mertensiana (62%) was 
higher than their respective communities at Site 1. Dryas 
octopetala had a mean cover of 14 and 11% in the 
Dryas-lichen and C. tetragona communities, respectively, the 
fatter simidaritoySitewis,) Salix arctica: and S. nivalis were 
ubiquitous, the former with a mean cover of 4 and 7% in the 
C. tetragona-Dryas and C. mertensiana communities, 
respectively, and the latter in small amounts (generally 
<1%) in all areas. 

The Dryas-lichen community had a large number of 
Ccaespitose and mat forming species, all of low cover. The 
dominant bryophytes were Dicranum acutifolium, Pogonatum 


alpinum, and Rhytidium rugosum. Lichens were abundant 


including Cladonia spp., Cetraria spp., and crustose 
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species. The C. tetragona-Dryas community had many vascular 
species of low cover (generally <1%), including Pedicularis 
capitata, Campanula lasiocarpa, Polygonum viviparum, 
Antennaria alpina, Festuca baffinensis, Luzula spicata, 
Hierochloe alpina, and Artemisia norvegica. Several of these 
were shared with Site 1. The dominant bryophytes were 
Drepanocladus uncinatus, Dicranum acutifolium, and 
Hylocomium splendens. Lichens were predominantly fruticose 
Species including Cladonia spp., Cladina mitis, Cetraria 
spp., Dactylina arctica, and Stereocaulon tomentosum. 
Antennaria lanata and Potentilla diversifolia were the only 
forbs with cover >1% in the C. mertensiana community. The 
bryophytes and lichens were similar to Site 1. Subalpine 
vascular species and foliose lichens, including Solorina 
crocea, were more common in less exposed areas downslope. 
3. Snow Cover 

a. Methods 

Snow depths were measured periodically at 1 m intervals 
along each transect to show patterns of fall-winter snow 
accumulation and spring-summer snow release. Measurements at 
Site 1 were taken on eight dates during the snow-covered 
periods of 1973-74 and 1974-75, and three dates during the 
summer and fall of 1975. Measurements at Site 2 were taken 
on seven and eight dates during 1973-74 and 1974-75, 
respectively, and three dates during the summer and fall of 
1975. Total Site 1 transect coverage in 1973-74 was 50 m, 


including 11 m in the C. tetragona-Dryas community and 33 m 
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in the C. mertensiana community. Transect extension in 1974 
increased total coverage to 95 m, including 31 m in the Cc. 
tetragona-Dryas community and 58 m in the C. mertensiana 
community. Total Site 2 transect coverage in 1973-74 was 
60 m, including 34 m in the C. tetragona-Dryas community and 
8 m in the C. mertensiana community. Transect extension in 
1974 increased total coverage to 95 m and coverage in the C. 
mertensiana community to 10 m, and added additional coverage 
downslope. This included 9 m coverage in a C. tetragona 
community (late snow release), and 5 m coverage in both an 
Antennaria lanata-C. mertensiana community and a Carex: 
nigricans-C. mertensiana community. Mean and maximum 
community snow depths along the entire transect length are 
therefore not directly comparable between the years, but 
Specific microsites and general patterns of accumulation and 
ablation can be compared. 
b. Results 
Site 1 

Patterns of snow accumulation and ablation at Site 1 
mor, 1973-74 and 1974-75 are shown in Figs. 16 and 17, 
respectively. Snowfall occurred in late September, 1973, and 
by 6 October, C. mertensiana was completely covered in all 
Microsites although snow depths were not taken at this time. 
The tops of many of the large hummocks within the C. 
mertensiana community protruded above the snowpack but were 
vegetated by more chionophobic species including C. 


tetragona. Most other C. tetragona microsites were also 
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Figure 16. Patterns of snow accumulation and ablation along the 


transect at Site 1 during the winter of 1973-74. See 
Fig. 10 for topographic profile and key to community 
dominants. 
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Figure 17. Patterns of snow accumulation and ablation along the 


transect at Site 1 during the winter of 1974-75, and 
summer-fall of 1975. See Fig. 10 for topographic profile 
and key to community dominants. 
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exposed. This same pattern was observed in all study years. 
The first appreciable late fall and early winter snowfalls 
were redistributed by wind into topographic depressions 
covering C. mertensiana which remained covered until spring. 
However, C. tetragona was rarely covered by these early 
snowfalls and often protruded above the snowpack in exposed 
Microsites even in mid winter. Up to 50 cm of snow was 
present in the C. mertenSiana community by 21 October, while 
<10 cm was present in the C. tetragona-Dryas community. 
Heavy snowfalls occurred during the winter of 1973-74 and 
maximum accumulations were recorded on 26 May, 1974. Snow 
Ge pens at this time varied from 107 to 145 cm in the C. 
tetragona-Dryas community and from 222 to 340 cm in the C. 
mertenSiana community. Snow release in 1974 was delayed by 
the deep snowpack. The C. tetragona-Dryas community began 
Snow release on 22 June and was completely snow free by 3 
July. The C. mertensiana community began snow release on 9 
July but was not completely snow free until 2 August. 
Snowfall was delayed in the fall, 1974, and 
accumulations in late November were comparable to those one 
month earlier in 1973. Maximum snow depths were measured on 
24 April and varied from 56 to 158 cm in the C. tetragona~ 
Dryas community and from 134 to 230 cm in the C. mertensiana 
community. Snow release of the C. tetragona~Dryas community 
began on 9 June and was complete by 19 June. Snow release of 
the C. mertensiana community began on 17 June but heavy 


Snows (29.2 mm water equivalent) on 27-29 June delayed 
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Somplete release until 10 July. 

Early winter snow accumulations in 1975 were 
intermediate in depth and time of arrival to accumulations 
in 1973 and 1974. The C. mertensiana community was 
completely covered by late October, and by 22 November, 40 
to 138 cm snow had accumulated. Many C. tetragona plants 
projected above the snowpack on this latter date and snow 
depths in the C. tetragona-Dryas community varied from 2 to 
46 cm. 

Site 2 

Patterns of snow accumulation and ablation at Site 2 
for 1973-74 and 1974-75 are shown in Figs. 18 and 19, 
respectively. Cassiope mertensiana was completely covered by 
snow in early October and by 21 October, 32 to 57 cm of snow 
was present in the C mertensiana community. Snow depths in 
the C. tetragona-Dryas community on this date varied from 2 
to 35 cm with many plants projecting above the snowpack. 
Maximum snow depths were measured on 25 May, 1974, and 
varied from 60 to 164 cm in the C. tetragona-Dryas community 
Seaetrom 175 to 230 cm in the C. mertensiana community. The 
C. tetragona-Dryas community began snow release on 14 June 
and was completely snow free by 2 July. The C. mertensiana 
community began snow release on 5 July and was snow free by 
rer July. 

Winter and spring observations in 1973-74 indicated 
that vegetation patterns and species distributions were more 


highly influenced by microtopography and patterns of snow 
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Figure 18. Patterns of snow accumulation and ablation along the 
transect at Site 2 during the winter of 1973-74. See 
Fig. 11 for topographic profile and key to community 


dominants. 
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summer-fall of 1975. See Fig. 1] for topographic profile 


and key to community dominants. 
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accumulation and ablation at this low alpine Site than at 
Site 1. Cassiope mertensiana occurred only in depressional 
or protected areas where snow accumulated early. Subsequent 
snowfalls and redistribution by wind extended snowbanks 
downslope covering areas that were exposed in early winter. 
Cassiope tetragona often occurred in these microsites. By 
late winter, deep snow covered these areas resulting in late 
snow release. Transect extensions in 1974 allowed this 
pattern of late accumulation and release to be documented. 
Snowfalls were light in late fall 1974, and 
accumulations on 30 November were comparable to those one 
month earlier in 1973. Snow depths on this date in the C. 
tetragona-Dryas community varied from 1 to 34 cm with many 
plants projecting above the snowpack. Snow depths in the C. 
mertenSiana community varied from 50 to 72 cm with all 
plants covered. The C. tetragona community near the base of 
the slope also had low snow cover (4 to 25 cm) and many 
plants exposed. The Antennaria lanata-C. mertensiana 
community and Carex nigricans-C. mertensiana community had 
27 to 46 cm and 39 to 55 cm snow, respectively, and all 
plants were covered. Maximum snow depths were measured on 24 
April, 1975, one month earlier than 1974. Snow depths at 
this time varied from 9 to 120 cm in the C. tetragona-Dryas 
community and from 119 to 154 cm in the C. mertensiana 
community. Deep snow occurred near the base of the transect 
with 124 to 163 cm in the C. tetragona community, 171 to 186 


cm in the Antennaria lanata-C. mertensiana community, and 
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180 to 195 cm in the Carex nigricans-C. mertensiana 
community. Snow release in 1975 began approximately two 
weeks earlier than in 1974. The C. tetragona-Dryas community 
began snow release on 27 May and was snow free by 18 June. 
The C. mertensiana community began snow release on 22 June 
and was snow free by 4 July. Snowfall on 27-29 June delayed 
release of the C. tetragona, Antennaria lanata-C. 
mertensiana, and Carex nigricans-C. mertensiana communities. 
The release of all three communities occurred between 4 July 
and 6 July. In some areas of late and deep snow accumulation 
adjacent to this study Site, C. tetragona was not released 
Bioad.10 July. 

Early winter snow accumulations in 1975 were 
intermediate in depth and time of arrival to accumulations 
in 1973 and 1974. Snow depths on 22 November varied from 37 
to 76 cm in the C. mertensiana community and from 2 to 51 cm 
in the C. tetragona-Dryas community. Snow depths were 33 to 
75 cm in the C. tetragona community, 75 to 104 cm in the 
Antennaria lanata-C. mertensiana community, and 98 to 108 cm 
in the Carex nigricans-C. mertensiana community near the 
base of the transect. 

c. The Cassiope Snow-Covered Period 

The duration of continuous snow cover and snow release 
for the various Cassiope communities in the study years is 
Shown in Fig. 20. The information from Figs. 16-20 is 
Summarized in Table 5. The dates of snow arrival and 


release, maximum snow depths, etc., should be used for 


a > AT rr 
afergugszem .S-anighipia xeia2 ede Rey moe 
vistanisorege asped @fOtvol een ; won 


os i -shopurgs? ied? .o0Orn nt neds 


Sis Lavizis Wowie = aeT 2 


467? wone sow Ba wah Ti no 
-2oale7 vor tated qe itwemes gies 


25-54 wo Lfetworm’ selet<) ge oent 


Jone qaeh baa aici WW. 26et6 ence aia 


Baw gceperded. .2 eee Qhors 2idge9 


ow aVCl a! shergsa.umeogoe wore ao 3nt 
o7 Lavizys i anid toe aiegeb ns 
ev igumsvon, SE no adeget Wanei yh Ter 
i ; ; 
Ti has ¥e aos EoeReee ISR oD Stee . 
lagab wane .4si sib Beeies 
201) o2) ay ieee smo” ~speepgeet Zz a 
BRS , VI NUuMiG BRS taner eal, 4 ates y ‘: 
yi iruinmde esaifabsida/ 2 anette’ ors 
Seeanexd aaa 


holiest bsz5v0o-wone seme 


Sné 2sv9o wend eucunisaen Re) 


q 


qouse sit nf asses 2tnainiion ied amen : 
ai ep) duneat . olde sat <5 


8] 


“spOtuad aseajau MoUs JO SJULOd-plw 03 pazetno} eo 

342 UBAOD MOUS JO SAeqG ‘potuad aseajau mous S9zeOLpuL Burydzey ssoujy “pauanod aur 

Squeid Jo %OG< zeUW (skep / 5) azep POTeWLSA SL UBAOD MOUS 40 UOLZeLZLUT °z pue | saqis 2e 
S9l}zLUNUWOD eUeLSUa}UaW °) pue eUOdbeuZA— "J Oy (WI GI<) 4aAODD MOUS SNONULZUOD JO UOLZeUNG “QZ aunBLy 


: S261 7261 e261 
GONOS VF FWVYWS4 fFONO SV FerHWy Wdfr,aqN oO 


CON remy -cumOE xamS z 


skpoqg 6€Z 


Eee eee BIC ON =: DUDISUBT IEW J - oyu oTBUUBTUY =z 
SADQ LEZ 
S BE SS a 


skoqg €92 shog 692 


SEES ae eae DUDTSUBTIEW Jz 
SADQ L972 SADQ 6472 


Beu TuUl 


\ Saas SUAIQ-OUDSDIR] Fz 
SADQ O8lL sApg 922 Ayiunwwoy 8}1S 


— bay 7 
5 a "eon os 9? Uma 2cft) davod. wone ZuOuUNTEnOD 16 morsel OS au 
2GC7 FTieHOo SN! ti82 13 : rite e4 


ian %4. BOE Jan? fevnd * | atmnit2o 21. ay aoprarsinl. .$ bib? 2sgtc ta 
sinaia té M0e< Jane ‘avno ) SSB SSe | s¥u riat potihot ah 22049 be vavos 76. 
ao (oy wone Yo 2antog-bim oF bayatusl ss 


wi Oils ve | 


7avG) Winte ft At 


a 
= a 


a” 


82 


“sazyep pezt | ewuou wouy pazye,no,e9 
“eYeP GEL WOUs PSZt | ewUuoN 

“eVeEP GLGI Pue PLEL wWous pazt | ewuOoN 

(2378p GL6L'PLEt) ~Suydep mous wnwixeW Xx AL ueak wous peyetnoleg 

(21eP G/6I‘bPlL6El) ‘potued aseatau-mous yUuLod-piy 

(e1eP SLE‘ PL6t ELE) “MOUS WO GE< Aq PauaAcd szUeid %OG< yeu (SAYEP ZL F) SAaiEP PaieUl ys] 


ooOVvdoe+ 


euetsusay,yusw “49 


387% 2 Ord + 997% 6T+ e Ainp ¢t L+ pT 50mcc -Suedtubiu xaue9 Zz 
euelSuejyuew °-9 
692 2 972 J26SC 8o+ a Ainp e€4 Eb+ Pl 200n872 -e}yeue| el ueuue Uy Zz 
£972 ECS G97 GZ+ Atnp Ob + "390° 64 Buetsuazuew °*95 4 
vO? Lt v9T OT+ Atne gc O P2°0nGE eueltsuajyuew “9 Zz 
ELS 2 6Lt $+ OGZ Lot Sy VAMAYA Talk bot P “AON GC 2UOHbeUe **D z 
sekuqg 
SE} vit GCC i+ . aunn ZZ 9T+ “AON OF -euobed}a}y °D r 
: seAuq 
%OOt wo g sAeqg €07 skeqg O BUND GI sAeqg tr+ “AON GZ -euobeujza}y °9 © 
ae iam aac eer pee ee A EE Sn PD, SE Ph” Mena a 
S) ALINQAWWOO q ALINQWWOO e 
SHI d43G golyu3d aasv313a G3ea3aA00 Y35A0O 
MONS G3Y3SA09 -MONS 1S3TI74V3a 3Sviai3a -MONS 1S3I74V3_ MONS SNONNILNOO 
% WOWIXVW X -MONS X WOYS JONSNS441G MONS 31LVG x WON4 JON3N3S4IG WwAIYaV Jivad x ALINQWWOD 4311S 


ht aL a a Ea ee SS Se ee 


“9 pue euobeuys} °-D wos syuidep mous wnwixew pue 
“@See|84 MOUS PUB 4YBAOD MOUS SNONUL}UOD JO LeALUUe JO SalepP UeaW ‘cs arqe, 


“¢ pue } S3zt'S FE SSt}tunuwos eueltSsus} usw 
*potued paueaocs-mous 40 yy }6ua| 


> aa 5:3) r. Nee 3 QRS ' yas ot at 
eat 1 RS ewe S: ‘telan Btprontel con jas wary. 3 


farek “ore! bye: » wear Gels ari aoe Sia 


ata. 2707, 
ror? Pema e n pernvatw 


—. he = — 
4 f nest 
_ 


B; a 


83 


microsite comparisons only and not be considered as absolute 
values. However, the data probably represents a close 
approximation of the "normal" conditon even though winter 
precipitation varied appreciably between the study years 
(see Microclimate Section). Greater than normal 
‘precipitation in October-November 1973, and January 1974, 
resulted in the early an deep snow cover and late release 
during these years. Similarly, unusually light precipitation 
during October-May 1974-75, resulted in the late, shallow 
snow cover and early release during these years. Jasper 
townsite precipitation for early winter (October-December ) 
and late winter (January-May) for the period of study 
averaged 109 and 95%, respectively, of the 1926-75 mean. 
Total winter precipitation for the study period averaged 
101% of the long term record. 

Cassiope mertensiana was uSually snow covered by mid or 
late October. Snow arrived first and persisted at higher 
elevations where air and soil temperatures were cooler, but 
redistribution by wind soon covered the lower elevation 
areas. The dates in Table 5 for the arrival of continuous 
Snow cover in the Antennaria lanata-C. mertensiana and Carex 
nigricans-C. mertensiana communities are somewhat anomalous. 
These community types usually experience snow cover as early 
or earlier than adjacent C. mertensiana communities. The 
lateness of snow cover in these particular microsites is due 
primarily to the entrapment of snow by the C. mertensiana 


community directly upslope (see Fig. 11). AS previously 
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stated, with the first appreciable late fall or early winter 
snowfall, all C. mertensiana plants were covered in all low 
alpine and upper subalpine habitats. Snow usually did not 
persist in the C. tetragona habitats until 3-6 wk after 
adjacent C. mertensiana areas were covered, and many Ce 
tetragona plants could be found projecting above the 
snowpack in exposed microsites even in mid winter. This 
pattern of complete versus partial snow cover presented a 
marked contrast. Maximum snow accumulations occurred in late 
winter, and were greater at the lower elevation, more 
protected sites. Snow depths in C. mertensiana habitats were 
>200% those in adjacent C. tetragona habitats. Snow release 
of C. tetragona usually occurred in mid June and 
approximately 3 wk later for adjacent C. mertensiana. Snow 
release occurred a few days earlier at higher elevations 
because of more shallow snow cover. The snow-covered period 
was >200 days for C. tetragona and 6-9 wk longer for C. 
mertenSiana. 

While both Cassiope species are generally considered as 
Chionophilic, the winter environment separates them along 
gradients of snow cover and length of the snow-covered 
period. An almost absolute separation occurs with respect to 
time of arrival of continuous snow cover. Cassiope 
mertensiana is always completely covered by early snow while 
C. tetragona is never completely covered at this time. 
Cassiope tetragona is tolerant of deep and long lasting snow 


cover (e.g. C. tetragona community at Site 2), but such 
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microsites are exposed in early winter. The hypothesis that 
C. tetragona is unable to withstand the shortened growing 
periods of late meltout sites is not substantiated. The 
hypotheses that C. mertensiana may be unable to tolerate 
either low air temperatures during fall and winter or 
desiccation in exposed microsites are given support. 
4, Summer Soil Moisture 

a. Methods 

Soil moisture was meaSured periodically during the late 
summers of 1973 and 1974 with porous cup thermocouple 
psychrometers (Wescor, Logan, Utah). The sensors were placed 
at -5 cm beneath each species in a variety of microsites and 
were read within one hour of solar noon with a Wescor 
psychrometric microvoltmeter. The psychrometer readings were 
found to be extremely erratic and few were meaningful when 
related to changes in precipitation, radiation and 
temperature. This type of soil psychrometer was found to be 
totally inadequate for this study and is probably of only 
limited application in any soils which are cold, subjected 
to frequent freeze-thaw cycles, and have high heat fluxes. 
Even then, the manufacturer's calibration should not be 
trusted and the psychrometers should be recalibrated over 
the range of water potentials and temperatures likley to be 
encountered. 

Gravimetric soil moisture samples were collected along 
each transect at 1-2 wk intervals during the summer of 1975. 


Five microsites were sampled at Site 1 and eight microsites © 
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at Site 2. All samples were collected within a circle with a 
1 m radius at each microsite. Samples of fine material 
(small stones and cobbles removed) were collected in 
duplicate from 0-5, 5-15, and >15 cm depths, and moisture 
content determined gravimetriclly (drying at 85-95°C for 
24-48 h). Soil matric potential and water content at -0.03 
and -1.50 MPa (0.33 and 15 bars pressure) were determined on 
composite samples from each microsite and depth using a 
ceramic pressure membrane apparatus (Soil Moisture Equipment 
Co., Santa Barbara, California). 

b. Results 

Seasonal soil moisture data are summarized in Tables 6 
and 7. No soil moisture stress occurred during the summer of 
1975 due to the frequency and amounts of precipitation. Mean 
seasonal soil moisture contents at all microsites and depths 
were greater than field capacity (-0.03 MPa) and no values 
were recorded below -1.50 MPa. No statistical differences 
were found in either the moisture holding capacity of the 
soils in different microsites or the mean seasonal soil 
moisture contents at specific depths in different 
Microsites. However, both decreased with increasing soil 
depth. This may indicate some soil water depletion, but 
probably is more a function of decreasing organic matter 
contents and per cent of fines (<2 mm fraction) with depth. 
Only a slight trend was evident at the >15 cm depth at each 
Site relating minimum seasonal soil moisture contents or per 
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Table 6. Summary of mean seasonal soil moisture along 
1975. Values 


transect at Site 1 during summer, 
are g H,0 / g dry weight soil, percent of field 
Capacity, or percent of samples less than field 


Capacity. 


ee cm’ Depth 


H.O content at 
-0.03 MPa 


H.O content at 
-1.50 MPa 


X Seasonal H,0O 
content & % of 
-0.03 MPa value 


Minimum seasonal 
H.O content 


% Of samples 
<-0.03 MPa 


9-15 cm Depth 


heO content at 
-0.03 MPa 


H,O content at 
-1.50 MPa 


X Seasonal H,O 
content & % of 
-0.03 MPa value 


Minimum seasonal 
MeO content 


hk Of samples 
<-0.03 MPa 
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COMMUNITY & DISTANCE ALONG TRANSECT 
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0% 


C. tetragona-Dryas 


26 m 


C. mertensiana 


38 m 


10% 
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Table 6. (continued) 


COMMUNITY & DISTANCE ALONG TRANSECT 


C. tetragona-Dryas C. mertensiana 

Sam 26 m 38 m 60 m 85 m 
ao cm Depth 
H,O content at 0.40 0329 0.47 0233 0n39 
-0.03 MPa 
H,O content at eneis 05.07 Ge ia O07 0.09 
-1.50 MPa 
X Seasonal H,0O 0.55 0.38 0.59 OF47 0.64 
content & % of 136, 123-3 % 124% 142% 162% 
-0.03 MPa value 
Minimum seasonal Onsit 0.19 0.46 0-28 0.41 
H,O content 
% of samples 25% 50% 11% 13% 0% 


<-0.03 MPa 


NO VALUES WERE RECORDED BELOW -1.50 MPa AT ANY MICROSITE 
OR DEPTH. 
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exposure of the microsites. 

The seasonal progression of soil moisture at 5-15 cm 
depth is shown in Figs. 21 and 22. Similar trends occurred 
at the other sample depths, varying only in the actual 
amount of water present or the magnitude of change. Soil 
moisture contents were generally highest immediately after 
thaw. Periods of reduced soil moisture occurred in mid July 
and August. The first coincided with a period of 13 
consecutive days without measurable precipitation that 
followed a heavy snowfall in late June. Snow accumulations 
in protected microsites persisted for up to seven days, 
delaying snow release of some Site 2 communities and causing 
a lag in the period of reduced soil moisture with respect to 
the more exposed microsites. The August depression coincided 
with a period of five consecutive hot, dry days and was not 
as distinct at the Site 2 protected microsites as at other 
Site 1 and Site 2 microsites. Soil moisture content leveled 
off above field capacity in late August and September. 

Summer precipitation in 1975 at Jasper townsite was 
102% of the 1926-75 record so the summer soil moisture data 
probably represents a near "normal" condition. Less 
Precipitation occurred during the summers of 1973 and 1974 
(58 and 76% of the long term record, respectively), and 
apparently drier soils were observed. However, unwise 
reliance on soil psychrometers precluded any meaningful soil 
Moisture data during those years. The frequency of 


Measurable precipitation is high during the summer 1n the 
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Figure 21. Seasonal soil moisture at 5-15 cm in several microsites 
along the transect at Site 1 during summer, 1975. 
Community dominants, distance down-slope (m), and -0.03 
and -1.50 MPa moisture equivalents are indicated. 
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Gravimetric Soil Water Content (g H,0 / g dry weight soil) 
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Transition 
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Seasonal soil moisture at 5-15 cm in several microsites 
along the transect at Site 2 during summer, 1975. 
Community dominants, distance down-slope (m), and -0.03 
and -1.50 MPa moisture equivalents are indicated. 
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Jasper area. The longest recorded period without measurable 
precipitation during the summer months of 1973-75 was 17 
days in September, 1975, too late in the season to affect 
plant growth or result in soil moisture stress. July 
averaged the greatest number of consecutive days without 
measurable precipitation (X = 10 for 1973-75 period), 
followed by June and September (X = 8), and August (X = 5). 
Dry periods during June and September are probably 
ineffectual in causing soil moisture stress as the former 
comes before or during snow release of many microsites and 
the latter are coupled with lower temperatures and a 
cessation of plant growth. Twelve consecutive days without 
measurable precipitation were recorded during mid summer 
(July and August) in both 1974 and 1975, but only in 1974 
was the period actually dry and not influenced by cloudy 
weather or delayed snow melt. 

Although the 1975 data showed no differences in soil 
moisture in the various microsites, the protected C. 


mertensiana microsites most certainly experience a more 


favorable summer soil moisture regime in most years than the 
exposed C. tetragona microsites. Cassiope mertensiana 
microsites would have more soil moisture available at depth 
due to the delayed snow release and thawing of deeper 
horizons. Large rocks often form a basal core to the frost 
hummocks and inhibit thawing and downward water movement as 
evidenced by occasional gleying in the C horizon. This was 


Tarely observed in the C. tetragona microsites, except i1n 
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those areas of greater snow accumulation (e.g. C. tetragona 
community at Site 2). Utilization of this deeper source of 
soil moisture would extend the favorable growing period into 
mid summer in the C. mertensiana microsites, even in years 
of shallow snowpack coupled with an early snow release and a 
hot, dry summer. 

Cassiope mertensiana is also probably more capable than 
C. tetragona of utilizing the frequent, light precipitation 
that often occurs in late summer and fails to penetrate deep 
into the soil. Both species produce extensive roots and 
rhizomes that penetrate to the C horizon at about 15 cm 
depth. Both species also produce adventitious roots, but 
they are more abundant in C. mertenSiana, arising from most 
decumbent shoots and thoroughly permeating the LFH and 
Surface soil horizons. The more dense plant canopy of C. 
mertensiana, and reduced wind speeds in the protected 
microsites and within the plant canopy, probably result ina 
greater catch of this light precipitation and an increased 


resistance to its loss to the atmosphere. 


B. Soils 

a. Methods 

Soil pits were excavated in the C. mertensiana and C. 
tetragona-Dryas communities at Sites 1 and 2 and in three 
additional areas encompassing the range of habitats occupied 
by the two species in the upper subalpine and alpine zones 


On Signal Mountain. Extensive Site 3 was located at 2010 m 
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on a 25% N slope, just within the Picea-Abies closed forest 
with a dense understory of C. mertensiana and Vaccinium 
scoparium on hummocky microtopography. Extensive Site 4 was 
located at a prominent snow depression at 2135 mona 24% N 
Slope (see Fig. 7). Peripheral microsites supported C. 
tetragona-Dryas while C. mertensiana occurred in the center 
on large frost hummocks (to 0.5 ft height). Extensive Site 5 
was a very exposed location on the summit ridge at 2225 m on 
a 5% N slope. Cassiope tetragona occurred only as scattered 
clumps in protected microsites. Soils were described and 
classified according to the System of Soil Classification 
for Canada (Canada Soil Survey Committee 1978). 

Composite samples were collected from each described 
horizon and the <2 mm fraction subjected to physical and 
chemical laboratory analyses. Soil color (moist and dry) was 
described using Munsell color charts in natural daylight. 
Particle size analysis was done by the hydrometer method. 
Analytical methods for organic matter, pH, conductivity, and 
Nutrients were those used by the Alberta Soil and Feed 
Testing Laboratory. Organic carbon was measured by 
Walkley-Black wet oxidation and converted to percent organic 
Matter by multiplying by 1.72; pH was of a 1:2 soil to water 
Paste; conductivity was corrected back to a saturated paste; 
N (NO,-') was determined by the phenoldisulfonic method; P 
(P,0,-?) was determined colorimetrically using a modified 
Bray and Kurtz extracting solution with combined nitric 


acid, vanadate, and molybdate; K was determined by flame 
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photometry on an ammonium acetate extract; and cation 
exchange capacity (CEC) and exchangeable bases (Ca, Mg, Na, 
and K) were determined by flame photometry and atomic 
absorption spectrophotometry on an ammonium acetate extract. 

b.Results 

The soils of Cassiope habitats have been tentatively 
classified as Orthic Dystric and Eutric Brunisols. Soils of 
these same areas were described by Hrapko and La Roi (1978) 
as Orthic Sombric Brunisols which reflects the diversity and 
heterogeneity of these poorly developed alpine soils. Soil 
descriptions for Sites 1 and 2 are typical and presented in 
Table 8 (see Appendix for Sites 3-5). These soils had thin, 
fibrous, densely rooted turfs (0-3 cm thick) which showed 
little decomposition and thus the L designation. This was 
underlain by a dark colored Ah horizon (3-12 cm thick) with 
high organic matter content (18-27%). The Brunisolic Bm 
horizon (6-22 cm thick) showed the characteristic shift to 
higher chromas and redder hues than the underlying horizons, 
and the lower boundary at 15-23 cm marked the usual 
penetration depth of Cassiope roots. No eluviated (Ae) 
horizons were observed. Soils at Site 4 were Similar except 
the C. mertensiana microsite had more complex Bm horizons 
due to intense cryoturbation. The Site 3 soil lacked the Ah 
horizon reflecting differences in pedogenesis at this 
rested site. The soil at Site 5 beneath C. tetragona-Dryas 
differed little from other C. tetragona habitats even though 


adjacent unvegetated areas showed little soil development 
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Table 8. Soil profile descriptions at Sites 1 and 2. 

eee EE eee eee eee 
Site 1 is located at 2060 m on a 32% N slope. Site 2 is located at 
2195 m on a 30% N slope. The rapidly to moderately well drained 
pedons support communities of C. tetragona-Dryas and Cc. mertensiana 
in different microsites. Glacial till has been deposited on 
Precambrian siltstones and slate and mixed by colluvial action. 
Some aeolian deposits may be present. Nonsorted stepped frost boils 
are common in C. tetragona microsites and frost hummocks in C. 
mertensiana microsites. Gravel, cobbles, .and stones are few in 

Ah horizons and increase with depth (>50% in C horizons). Some 
mixing of Ah and Bm horizons in C. tetragona and C. mertensiana 
microsites. 


Horizon Depth (cm) Description 


Site 1. (C. tetragona-Dryas): Orthic Dystric Brunisol 


E =O Fibrous turf; abundant, fine to medium 
random roots; abrupt, irregular boundary; 
O-2 cm thick. 


Ah O-6 Black (10 YR 2/1 m, 3/2 d) sandy loam; 
very weak, fine subangular blocky; loose, 
very friable; plentiful, very fine to 
coarse horizontal and oblique roots; 
clear, wavy boundary; 5-9 cm thick; 
strongly acid. 


Bmy 6-16 Very dark grayish brown (10 YR 3/2 m, 
4/3 d) sandy loam; very weak, fine 
subangular blocky; loose, very friable; 
medium oblique roots; some gravel and 
cobbles: clear, wavy boundary; 8-11 cm 
thick; strongly acid. 


C 16 + Olive brown (2.5 Y 4/4 m, 6/4 d) sandy 
loam: amorphous; very friable; plentiful 
gravel and cobbles; strongly acid. 


Site 1. (C. mertensiana): Orthic Dystric Brunisol 


L 2) =XQ) Fibrous turf; abundant, fine to medium 
random roots; wavy boundary; 1-3 cm 
Thiei<e, 
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Table 8. (continued) 

SS Ne ee 
Horizon Depth (cm) Description 
a or a a ot eee eer ec ne vhs ee 


Ah O25 Black (10 YR 2/1 m, 3/2 d) sandy loam; 
very weak, fine subangular blocky; loose, 
very friable; plentiful, very fine to 
coarse horizontal and oblique roots: 
clear, wavy boundary; 3-6 cm thick; very 
strongly acid. 


Bmy 5-15 Very dark grayish brown (10 YR 3/2 m, 
5/3 d) sandy loam; very weak, fine 
subangular blocky; loose, very friable; 
few, very fine to medium oblique roots; 
some gravel, cobbles, and stones at lower 
boundary; clear, irregular boundary; 
7-12 cm thick; very strongly acid. 


@ 15 + Bight olive brownm¢2. 5 Y S/4 9m. 6/4 cd) 
sandy loam; amorphous; very friable; 
plentiful, gravel, cobbles, and stones: 


strongly acid. 
site 2. (C. tetragona-Dryas): Orthic Dystric Brunisol 


ib PLO) Fibrous turf; abundant, fine to medium 
roots: and few, coarse roots; abrupt, 
wavy boundary; O-3 cm thick. 


Ah 0-6 Very dark gray (10 YR 3/1 m, 4/2 d) loamy 
sand; very weak, fine subangular blocky; 
loose, very friable: plentiful, very fine 
random roots and few, fine to medium 
random roots; clear to gradual, irregular 
boundary: 4-12 em thick; very strongly 
acid. 


Bmy 6-22 Dark brown (10 YR 3/3 m, 4/4 d ) sandy 
loam; very weak, fine subangular blocky; 
loose, very friable; few, very fine to 
fine horizontal and oblique roots; 
gradual, irregular boundary; 6-22 cm 
thick; strongly acid. 


C 22 + Dark grayish brown (2.5 Y 4/2 m, 6/4 d) 
sandy loam; amorphous; loose, friabie: 
abundant, flat and angular gravel; 
medium acid. 
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Table 8. 


(continued) 
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SSNS 


Horizon 


Depth (cm) 


Description 


— 


Ste, 2) 


L 


Ah 


Bmy 


mertensiana): 


1-0 


Orthic Eutric Brunisol 


Fibrous turf; abundant, fine to medium 
random roots; abrupt, wavy boundary; O-2 
em thick. 


Very dark gray (10 YR 3/1 m, 4/2 d) sandy 
loam; very weak, fine subangular blocky; 
loose, very friable; plentiful, very fine 
to medium roots; clear, wavy boundary; 
5-10 cm thick; extremely acid. 


Brown (10 YR 4/3 m, 5/3 d) sandy loam; 
very weak, fine subangular blocky; loose, 
very friable; few, very fine to fine 
honizontalsroots-;s plentiful] gravel: 
cobbles, and stones; clear, smooth to 
wavy boundary; 14-19 cm thick; medium 
aciar 


Olive brown (2.5 Y 4/4 m, 6/4 d) sandy 
loam; amorphous; very friable; abundant, 
gravel, cobbles, and stones: slightly 
acid. 
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and were classified as Orthic Regosols. 

All soils were high in sand content but maxima were 
found in Ah and C horizons and slightly lower levels in Bm 
horizons (Table 9). Sandy loam textural classes 
predominated. Silt content was inversely proportional to 
sand, and clay content was generally low (<10%). There was 
little marked variation in particle size distribution 
through the profiles except at Sites 4 and 5 where higher 
clay contents (up to 29%) were found in Bm horizons. This 
may Suggest a lithological discontinuity in the sola. Silty 
clay loam textures were found at these Sites. Sand contents 
were higher, silt contents lower, and clay contents similar 
to those reported by Hrapko and La Roi (1978). Structure was 
poorly developed (very weak, fine subangular blocky to 
amorphous) at all Sites and horizons, and soil consistence 
was loose to friable reflecting the high sand content. 
Gravel (<7.5 cm), cobbles (7.5-25 cm), and stones (>25 cm) 
were common in all soils; few were usually present in Ah 
horizons but they increased with depth and often constituted 
>50% (by volume) of Bm and C horizons. 

Soils were acidic and pH values varied from 4.5 to 5.3 
in Ah horizons (5.9 in Orthic Regosol at Site 5) and 
generally increased slightly with depth. Conductivities of 
all soils and horizons were low. Nutrient concentrations 
were also low; highest levels were found in Ah horizons and 
lower levels in Bm and C horizons. Nitrate-N varied from 4 


ppm at the surface to trace amounts in the Bm and C 
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horizons. Phosphorus followed the same trend but with up to 
16 ppm in the Ah horizon at Site 5. Potassium was found in 
higher concentrations (up to 114 ppm in Ah horizons) but 
levels were generally lower than those reported by Hrapko 
and La Roi (1978). Cation exchange capacities and 
exchangeable bases (Ca, Mg, Na, K) were low in all soils and 
horizons and decreased with depth. Calcium was the dominant 
exchangeable cation, Mg was in low concentrations, and Na 
and K only occurred in trace amounts. 

Humus and clay contents, and pH influence greatly the 
concentration and availability of absorbed nutrients. Higher 
CEC's would be expected in horizons with higher humus or 
clay contents (thus the maxima in Ah horizons) but low 
concentrations of exchangeable bases would be found at lower 
PH values because of the low percentage base saturation; 
most colloidal sites would be occupied by tightly bound 
hydrogen and aluminum hydroxy ions. Availability of other 
nutrients (e.g. N and P) not bound to colloidal complexes is 
also reduced at lower pH values and soil temperatures. AS a 
Besult, these*soilis*are low in both the concentration and 
availability of nutrients. Both species of Cassiope have 
mycorrhizae which may aid in nutrient and water uptake. 
Also, the growth form and xeromorphic characteristics of 
Bass iope may be related to nutrient conservation in such 


Sites. 
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C. Microclimates 

a. Methods 

The two intensive study Sites were instrumented to 
detect microclimatic differences. Air temperature and 
moisture, global radiation, wind, precipitation, and soil 
temperature and moisture were monitored using either 
recording instruments or by taking spot readings. 

Continuous records were made of air temperature and 
relative humidity with hygrothermographs (Belfort Instrument 
Co., Baltimore, Maryland) housed in louvered aluminum 
Shelters (after Vogel and Johnson 1965) placed on the ground 
Surface. Sensor height was approximately 6-20 cm. Seven-day 
clocks were used during summer and 31-day clocks during 
winter. Shelters were situated in the center of the primary 
community at each Site during the 1973 summer (60 m and 30 m 
along transects at Shes 1 and 2, respectively). Due to late 
meltout they were moved to more exposed locations for 1974 
and 1975 (25 m and 15 m along transects at Site 1 and 2, 
respectively). Winter snow accumulation necessitated 
placement of the Site 1 shelter on a platform at 2 m from 
December, 1974 to June, 1975. Shelters were lined with two 
thicknesses of percale sheeting (47 threads per cm) in 
winter to avoid accumulation and compaction of blowing snow. 
This probably caused a damping and lag in the recording of 
temperature and relative humidity. Instrument malfunctions 
Occurred frequently during winter cold ‘spells (ca. 50% of 


data lost). Vapor pressure deficit (VPD) was calculated from 
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temperature (T °C) and relative humidity (RH) using the 
following equation (D.W.A. Whitfield pers. comm.): 

kPa VPD = (0.61+T(4.44x10-?7+T(1.43x10-°+T 

(2462x10° *+7T(22.96x105742556x1072T).)))) 
PImO>RISTOOhautanans. of. g8es oned.oandeaad (1) 

Global radiation at Site 2 was recorded with a Belfort 
pyranometer placed on top of the shelter. The instrument was 
leveled and sensor height was approximately 70 cm. Records 
were made only during the summer months. 

Summer precipitation was monitored daily with 
unshielded Tru-Check rain gauges (orifice leveled at 60 cm) 
placed at the 1973 shelter locations. These wedge-shaped 
gauges may be subject to considerable error during periods 
of wind or light rain because of turbulence at the corners 
of the orifice and water droplet adherance to the sides. 
Ethylene glycol and mineral oil were used to prevent 
freezing and evaporation. Winter snowfall was not measured 
but snow depths were periodically taken at 1 m intervals 
along a transect at each Site to show patterns of winter 
snow accumulation and spring snow release (see Vegetation 
and Environmental Gradients Section). 

Wind speed was monitored at each Site with a Belfort 
3-cup totalizing anemometer (cups leveled at 60 cm). The 
anemometers were situated in similar topographic positions 
as the instrument shelters, and as with the latter were 
Moved to more exposed positions in 1974 to facilitate summer 


and winter measurements. Additional anemometers were 
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installed during portions of the 1974 summer to provide 
direct comparisons between the C. mertensiana and Cc. 
tetragona communities at each Site. 

Thermocouples (0.8 mm) were installed adjacent to the 
snow transect poles for meaSurement of air, snow, and soil 
temperatures during summer and winter months. Three series 
of thermocouples were installed at both communities at each 
Site. Sensor heights were 60, 10, 0, -5, -15, and -25 cm 
during the period October 1973 through October 1974, but 
meme re positioned to ~50; 10; "0')'-10)°-25,"and’-50 cm for the 
period October 1974 through 1975. Thermocouples were read 
with a psychometric microvoltmeter (Wescor. Logan, Utah); 
Summer readings were taken within one hour of solar noon but 
winter readings were more variable. Additional thermocouples 
mete installed at 0, -5, and -15 cm in various microsites 
and read periodically during the summers of 1973 and 1974. 

Profiles of temperature, VPD and wind speed were taken 
above Cassiope clumps during the summer of 1973. Readings 
were taken at hourly intervals from 0700 to 1900 h MST on 
three different days at Site 1 and two different days at 
Site 2. During each day's observations, readings were 
alternated on consecutive hours between microsites. Wind 
Speeds were measured at 100, 50, 15, and 5 cm height with a 
thermopile anemometer with a uni-directional probe 
(Hastings-Raydist Inc., Hampton, Virginia). The latter two 
heights are at the top and within the plant canopy, 


respectively. Readings were taken at 15 s intervals 
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alternating between the heights and with five replicates of 
the profiles. Instrument readings were corrected for 
elevation using the following equation supplied by 
Hastings~Raydist Corporation: 

Corrected wind speed = Measured wind speed X P°/P’....(2) 
where P-is the atmospheric pressure at altitude z and P® is 
atmospheric pressure at sea level (instrument calibration 
point). At 2128 m (mean elevation of study Sites): 

P°/P*= 101.3 kPa/78.3 kPa = 1.29. 
Wet and dry bulb temperatures were measured 
concurrently at the same height with a Bendix aspirated 


psychrometer. VPD was calculated from RH uSing equation 1. 
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b. Results 

The microclimate of the low alpine Site 2 is described. 
Environmental data are given in Figs. 23, 24 and 25 for 
1973, 1974, and 1975, respectively, and are summarized in 
Table 10. The microclimate of Site 2 is representative of 
extensive areas on the northerly lee slope of Signal 
Mountain and probably similar sites in thes Jasper region. 
The data are also more comparable with screen height (1.5 m) 
data from other studies due to the windy nature of the 
Microsite, and are less influenced by the proximity of 
krummholz than Site 1. Comparisons are made between years, 
intensive Sites and microsites, and with Jasper townsite 
where applicable. 
Global Radiation 

Mean daily irradiance was highest in July, and varied 
from 18.5-21.3 MJem-7ed-' during the three years. This is 
the month immediately following snow melt and corresponds 
with the period of greatest plant growth. The maximum daily 
value recorded was 30.1 MJem-7ed~' in August, 1974, but 
daily values >25 MJem-?ed-' were recorded in July and August 
of all three years. Radiation levels declined noticeably 
through August to ca. 13 MJem-?ed~' in September. 
Variability was noted from year to year; 1973 and 1974 were 
Seasonally comparable, but 1975 was cloudy and had the 
lowest July-August means. Extreme variability also occurred 
mvereshort (1-3 day) periods. The maximum and minimum daily 


totals for the 1974 season occurred on two consecutive days 
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Figure 23. Environmental data from Site 2 for 1973. 


vo lh 


Daily irradiance; indicated are means for months or 
portions (dashed line and circles). 


Mean daily air (shelter) temperature; indicated are 
monthly means and absolute temperatures (dashed lines 
and circles). 


. Mean daily (shelter) vapor pressure deficit (VPD); 


indicated are monthly means and absolute maxima (dash 
lines and circles). 


. Precipitation; indicated are individual events, trace 


amounts (bars below the line), measurement period 
(arrows), and snow (s). 


. Wind speed at 60 cm; indicated are daily means (solid 


lines), periods greater than one day (dotted lines), 
and monthly or interval means (dashed line and circle 
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Figure 24. Environmental data from Site 2 for 1974. 


da. 


Daily irradiance; indicated are means for months or 
portions (dashed line and circles). 


. Mean daily air (shelter) temperature; indicated are 


data extrapolated from Site 1 (dotted line), and mont 
means and absolute temperatures (dashed lines and 
circies); 


. Mean daily (shelter) vapor pressure deficit (VPD); 


indicated are data extrapolated from Site 1 (dotted 
line), and monthly means and absolute maxima (dashed 
lines and circles). 


. Precipitation; indicated are individual events, trace 


amounts (bars below the line), measurement period 
(arrows), and snow (s). 


. Wind speed at 60 cm; indicated are daily means (solid 


lines), periods greater than one day (dotted lines), 
and monthly or interval means (dashed line and circle 


X Daily VPD 


Wind Speed (m/s) Precipitation (mm) 


X Daily Temperature (°C) 
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Figure 25. Environmental data from Site 2 for 1975. 


fale 


Daily irradiance; indicated are means for months or 
portions (dashed line and circles). 


. Mean daily air (shelter) temperature; indicated are 


data extrapolated from Site 1 (dotted line), and monthly 
means and absolute temperatures (dashed lines and 
circles). 


. Mean daily (shelter) vapor pressure deficit (VPD); 


indicated are data extrapolated from Site 1 (dotted 
line), and monthly means and absolute maxima (dashed 
lines and circles). 


. Precipitation; indicated are individual events, trace 


amounts (bars below the line), measurement period 
(arrows), and snow (s). 


. Wind speed at 60 cm; indicated are daily means (solid 


lines), periods greater than one day (dotted lines), 
and monthly or interval means (dashed line and circles). 
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in July. 
Air Temperature 

Maximum air temperatures coincided with the period of 
maximum radiation in July. Mean daily temperatures at this 
time were ca. 10°C, and mean daily maximum and minimum 
temperatures deviated 4-5°C from this. Absolute maximum 
eemperaturesweresnormallyeca. 22-23°C,. but 25°C was 
recorded in July, 1975, during a period of above normal 
monthly temperatures at Jasper townsite. Freezing 
temperatures can occur at any time during the summer near 
treeline. Absolute minimum temperatures from +1 to -3°C were 
recorded in July and August of all three years, and -3.0 to 
-8.5°C in June and September. Mean daily temperatures began 
to rise above 0°C in May and dropped below again in late 
September. Absolute temperatures exceeded 0°C during the 
April-November period, but temperatures were continuously 
below 0°C from December through March. Absolute minimum 
temperatures <-20°C were recorded from November through 
February, with January the coldest month. Extreme monthly 
temperature variations of ca. 22-24°C occurred during the 
Summer months or in January-February, due to extreme cold 
spells. March-May was the least variable period with extreme 
ranges ca. 16-20°C. Diurnal fluctuations were greatest 
during the summer months, and conversely, winter 
temperatures were diurnally more stable. 

Mean daily temperatures on Signal Mountain averaged 


5.9°C lower than at Jasper townsite for the March-December 
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period (incomplete January-February data). The greatest 
difference occurred during April-June (XaT = -8.3°C) when 
the snow at higher elevations served as a heat sink during 
snowmelt while Jasper townsite was essentially snow free at 
the time. Differences were less during July-September (XaT = 
-6.0°C) and were lowest during the winter (XaT = -4.5°C). 
Maximum monthly temperatures averaged 9.8°C lower than at 
Jasper townsite for the year. Monthly differences ranged 
meomesa, low of 6.7°C im November,’ 1974, to a high of 15.8°C 
in April, 1975. Differences were generally lowest during the 
July-October period and highest during October-June. Minimum 
monthly temperatures were lower on Signal Mountain during 
the April-October period (XaTmin = -2.2°C) but higher during 
the winter (XaTmin = +5.2°C) when cold air was trapped in 
valleys. Throughout the year the alpine climate was 
thermally less variable than at Jasper townsite. 

The elevationally correlated temperature differences 
between Site 2 and Jasper were also reflected in the 
differences between study Sites (Table 11). Temperatures 
near treeline were consistently higher than at Site 2 but 
monthly variability was high. The 1973 data provides a 
comparison between the primary communities at each study 
Site. The C. mertensiana community at Site | had slightly 
higher temperatures than Site 2, but differences were not 
significant considering hygrothermograph error (+ OnS2Cre 
However, mean daily maximum temperatures in 


August-September, 1973, averaged 1.3°C higher at Sites 1. 
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Shelter relocation in 1974 provided a comparison between 
more exposed microsites at Sites 1 and 2. Mean daily maximum 
temperatures in 1974 were again significantly higher at Site 
1 (1.2-1.5°C). Temperature differences were much greater in 
1975. Temperatures averaged 1-2°C higher at Site 1 during 
the summer months and from 3-7°C higher during the late 
winter and spring months. This latter difference may be due 
to shelter location and not Site differences. During the 
December 1974-May 1975 period the shelter at Site 1 was 
located at 2 m to avoid drifting snow, and temperature 
Stratification may have occurred near the snow surface. 
Winter diurnal temperature fluctuations were greater at Site 
1, and extreme monthly minimums were 2-4°C lower. 
Vapor Pressure Deficit 

Vapor pressure deficits were directly correlated with 
temperature and were highest during the summer months or the 
warmest periods of the day. Maximum VPD's in July-August 
were ca. 1.9-2.0 kPa, and in June, September, and October 


were ca. 1.0-1.6 kPa. Maximum VPD's were much lower during 
Spring and fall (0.7-1.2 kPa) and were very low in mid 
winter (<0.1 kPa). Mean daily VPD's, calculated over monthly 
periods, show the influence of precipitation and frequency 
of cloud cover. July, 1973, had the highest mean daily VPD's 
(0.60 kPa) during a month of extreme precipitation deficit 
at Jasper townsite. The lowest mean devel VPD's recorded 


during the July-August period (0.21 kPa in August, 1975) 


occurred during a month of below-normal temperatures and 
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above-normal precipitation. September, 1975, had mean daily 
VPD's (0.43 kPa) more typical of the hotter summer months 
due to above-normal temperatures and below-normal 
precipitation. These conditions could influence the water 
budget of Cassiope going into winter. Mean daily VPD's were 
low (generally <0.05 kPa) during winter due to low 
temperatures and high relative humidities. 

Between Site differences in VPD's were related to 
temperature differences (Table 11). Site differences were 
higher in 1974 and 1975 than in 1973. Maximum monthly VPD's 
were generally higher at Site 1, but during some months were 
lower. Maximum VPD's averaged 0.13 kPa higher at Site 1 
during July-August, but winter differences were less. The 
greatest diepeteneed in maximum (0.43-0.59 kPa) and mean 
daily (ca. 0.17 kPa) VPD's were recorded in April-May, 1975, 
and were probably related to differences in shelter height. 
Differences in mean daily VPD's were not significant or 
generally small (<0.08 kPa) throughout the rest of the year. 
Summer Precipitation 

Summer precipitation on Signal Mountain showed great 
daily, monthly, and yearly variability. Mean monthly totals 
for July-August for the three years (excluding July, 1973) 
were 55 mm, but ranged from a high of 107 mm in August, 
1975, to a low of 27 mm in August, 1974. Totals for July, 
1973, were probably less than 20 mm. Summer precipitation 
was lowest in 1973 (101 mm between 1 July-7 October) and 


highest in 1975 (253 mm between 7 June-30 September). 
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Measurable precipitation occurred with a frequency of 1 day 
in 3 and was consistent between years (33%-37% of days 
during record period). When trace amounts are included, 
precipitation occurred with a frequency of 1 day in 2. This 
is indicative of the frequency of summer cloud cover and 
storms. The maximum daily totals exceed 30 mm in July, 1974, 
and exceeded 15 mm on four days during June-August, 1975. 
Periods of 7-13 consecutive days without measurable 
precipitation were recorded in July and August of all three 
years. The longest dry period was 17 days in September, 
1974. An average of 17% of the summer precipitation occurred 
as snow (does not include "mixed" precipitation), but the 
years were variable (10% in 1974 to >24% in 1975). 
Precipitation events on Signal Mountain were generally 
correlated with similar events at Jasper townsite. Only 
rarely (approximately 2-4 days per summer) did measurable 
precipitation occur on either Signal Mountain or at Jasper 
townsite without at least trace amounts being recorded at 
the other location. Summer precipitation at Jasper townsite 
(June-September) for 1973, 1974, and 1975 averaged 58%, 76%, 
and 102%, respectively, of the 1926-1975 record. Summer 
Precipitation on Signal Mountain during the measurement 
periods averaged 123% of Jasper townsite, but varied from 
105% in 1974 to 134% in 1975. Not only was summer 
precipitation higher in the alpine zone, but a greater 


Proportion occurred as snow. 


vst 10 vunevoes? « Atiw bewsgode acisstiqiossg eee 
<TE-8E0) opesv aeevred inetat2en0> Skee 
Wome oases pel .(bolrsq Bede 


sysumed? ¢ ditw besstuss0 AGESaE 
" 
"gts & 2 yononpes3 ei2 29 evisa 
~mo2ko plax vits® qaumizem eae 

Pa 
< 
‘eyeab mot te madt Be 

/ 

2 juzannes Ere Fame 


faa 


feueud uL Of, babteose? ose) f0f2am 
13 ee 5b ww cocteq Yb teapaol 
" 7 * 

“iy fe JT) {0 Seeiere 


sci son vasobia 


aw a 
ri 
i 
, Baw % § 
: evi ¢ @91) 


sha aise 
= : a 7 
isvensb stp aitaoue’ leno? as esneve-nesses ieee 


‘, *g 2 there saeliaizs dere Der: 


e 

sidtwweses btb (19meve 230 evab @-f yiadassao3gaee 
\ a 

9 feaanom {fangs rangis NG T1550 aos é ~ #4 


] 
te. Pabywen7e? ied efdoveme eog1s tensl pe wuedsie 
avienvo2 1992aL 28 ceitstigicotg yeas. nostaeoek ee 
a 


,a0. fC opontere ave nae ~<$+2f .£Ve!r sez (34cm9: se 
7 
lannye .B¢aede7| Civi-eiel ais to . ylevistoegeexiie 


Y : 


Snes Iseew Ofs Ome nisedruen fenok2 ooctede 
+ : i 
Oise LST’ sz ,stienRot teqest io KES?) begeseviam 


. - . a ' re : a Z 
remiiue aby Yino JoW .eVON of BRE. os ss TREE 
oe i 


i f ae 
T82581P GS Jud ,snos shniglis edt nt sedpid) nolraeee 


Wane Ba Sera nls ON 
‘. 


a ° 


124 


Summer precipitation differences between Sites were not 
great and probably reflect microsite variability and wind 
patterns around collectors rather than any real site 
differences. Precipitation at Site 1 averaged 102% of Site 2 
for the 3 year period, but varied from a low of 95% in 1974 
momeehigh of 115% in™.973. 

Wind 

The alpine zone of Signal Mountain is a moderately 
windy environment, particularly on the windward southerly 
Slopes and along the summit ridge. High winds can occur in 
all but the most protected Cassiope habitats, but with 
reduced frequency and duration. Winds showed great temporal 
Variability, both seasonally and over short periods (hourly 
to daily). The maximum daily winds tended to occur during 
afternoons and minimums at night or early morning, but this 
waS not quantified. Wind directions were recorded only at 
time of anemometer readings (ca. 1800 h MST). The 
predominant wind directions were WSW varying to S or W, and 
occasionally to N, and only rarely to E. This is consistent 
with the more detailed observations of Hrapko and La Roi 
£1978). 

Wind speeds are reported from the exposed Dryas~-lichen 
community at Site 2 where anemometer placement was dictated 
by winter snow cover. Wind speeds were lowest during the 
April-September period (2.9-3.5 m/s) and highest during 
October-March (4.1-6.5 m/s). Mean daily wind speeds were Ca. 


3 m/s in July-August of the three years. Maximum and minimum 
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mean daily wind speeds during this period were care 50-55 
m/s and 1.2-1.6 m/s, respectively. Winds consistently 
increased in fall, and winter wind speeds averaged 161% of 
August values. Mean wind speeds for the winter months 
generally exceeded maximum daily values recorded during 
summer. 

Wind profiles were not measured in winter but 
observations suggest less attenuation of wind near the 
Surface than in summer. Microtopographic irregularities are 
eliminated in winter and surface friction is reduced. 
Exposed plants projecting above the snowpack experience much 
higher winds (both absolute and relative to 60 cm height) 
than during summer. Wind speeds are difficult to assess or 
are even meaningless in all but the most exposed Cassiope 
habitats during winter because of snow accumulations. 

Comparisons of relative wind speeds at different 
microsites are given in Table 12. These comparisons are 
based on wind totals over the entire period, but comparisons 
based on individual measurement periods are similar (and 
Significant at P<0.01). Cassiope tetragona microsites were 
windier than C. mertensiana microsites and in general, Site 
2 was windier than Site 1. The anomalous high relative wind 
Speeds at the Site 1 C. tetragona community were due to 
anemometer placement to avoid drifting snow, and the 


location was slightly more exposed than was typical of C. 


tetragona at this Site. 
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Table 12. Relative wind speeds at different microsites. 
re ee 
Site Microsite Relative Wind Days of Comparisons 
With Other Sites 
oes tec ee etek SANs ASS oh es 6 MON RCRA eS 2 Gey 


2 Dryas-lichen 1.00 670 
1 C. tetragona 0278 615 
2 C. tetragona 0.71 201 
2 C. mertensiana 0.64 Z 
1 C. mertensiana O. OW 144 


Soil Temperatures 


Soil temperatures at selected depths in the C. 
tetragona-Dryas community at Site 2 (20 m along transect) 
are shown in Fig. 26. Maximum temperatures in surface 
horizons occurred during July and coincided with maximum air 
temperatures and radiation. Summer temperatures at 0 cm 
(beneath 1-2 cm of litter) averaged 2-5°C below ambient, 
although extremes of 0.5°C above and 15°C below (following 
snow melt) were recorded. Midday temperatures at -5 to -15 
cm varied between 3°C and 8°C. Maximum temperatures at ~-50 
cm were <4°C and occurred in mid August. Soil temperatures 
dropped below 0°C in late September, paralleling the decline 
in mean daily air temperatues. Minimum soil temperatures 
occurred in February-March, one to two months after the 
occurrence of minimum air temperatues. Minimum soil 
temperatures at all depths were -6 to -8°C. Soil 
temperatures increased to -1 to -2°C about one month prior 
to snow melt. Temperatures increased gradually for about two 


weeks following snow release under the influence of melt 
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Figure 26. Soil temperatures during 1974 and 1975 at the Site 2 


i il depths differ 
C. tetragona-Dryas community. Note So 
between years; snow cover is indicated. 
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waters. Seasonal fluctuations in soil temperatures were 
greater in 1975 than in 1974 due to higher air temperatures 
in July, lower air temperatures in mid winter, and a 
below-normal snow pack. 

Seasonal soil temperature fluctuations were reduced in 
all other Cassiope communities from that reported above. 
Summer soil temperatures at the Site 2 C. tetragona-late 
snow release community were about 2°C higher, due primarily 
to less plant cover. Winter soil temperatures were about 3°C 
higher due to greater snow accumulations. Summer soil 
temperatures at the Site 1 C. tetragona community were about 
0.5°C higher at 0 cm. However, conditions were more 
isothermal throughout the rest of the profile; temperatues 
were 2°C lower at -10 cm and 2°C higher at 50 cm. Winter 
soil temperatures were about 4°C higher at all depths. 

Soil temperatures were seasonally more stable and 
profiles more isothermal in all C. mertensiana communities. 
Soils of C. mertensiana communities were 2-4°C cooler during 
the summer months and 1.5-4.5°C warmer during the winter 
months than the C. tetragona communities at the respective 
Sites. Soils of C. mertensiana communities remained around 
-1 to 0°C for approximately one month longer prior to snow 
release than the adjacent C. tetragona communities. However, 
soil temperatures increased more rapidly after snow release 
to mid summer maxima. The Site 1 C. mertensiana community 
was about 1°C warmer at 0 cm during the summer, 1°C cooler 
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at -10 to -50 cm during the summer, and about 1°C warmer at 
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all depths during the winter than the C. mertensiana 
community at Site 2. 

The slightly higher soil surface temperatures at Site 1 
were related to slightly higher air temperatures at lower 
elevations. The reduced magnitude of seasonal temperature 
fluctuations in the C. mertensiana communities was due to 
pester plant cover, soil moisture, soil organic matter, and 
snow accumulations. 

Profiles 

Cassiope plants experience small but consistent 
microenvironmental differences due to the relative exposure 
of microsites and density of plant canopies. Figure 27 
compares near surface microenvironments at adjacent Site 1 
Cassiope microsites on 20 August 1973. This was a typical, 
warm, Gry, late summer day; daily irradiance was 22.8 
MJem-?ed-', mean daily shelter temperature was 7.5°C, mean 
daily shelter VPD was 0.64 kPa, and mean daily windspeed at 
60 cm was 1.28 m/s. 

Air temperatues within the plant canopies at 5 cm were 
frequently 2-4°C higher than in the ambient air at 100 cm. 
Differences were greater within the C. mertensiana canopy. 
Soil temperatures beneath C. tetragona were up to 5°C higher 
at 0 cm and about 1°C higher at -15 cm than beneath C. 
Mertensiana. Daily temperature fluctuations were reduced at 
-15 cm. Differences in leaf and air temperatures were also 
noted. Cassiope leaf temperatures were elevated considerably 


above ambient and differences were greater with C. 
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Figure 27. Near surface microenvironments at Site 1 Cassiope spp. 
microsites on 20 August 1973. 
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mertenSiana. The subambient leaf temperatures reported are 
probably an artifact of measurement technique as 
transpiration rates are to low to result in this degree of 
evaporative cooling. However, this does not invalidate the 
trend, only the absolute magnitude of the leaf temperature 
elevation. Differences in VPD profiles were small. Vapor 
pressure deficits within plant canopies tended to be lower 
than in the ambient air, even though canopy air temperatures 
were higher. Windspeeds were low and relative constant 
during the day in the C. mertensiana microsite, but showed a 
typical late afternoon peak in the C. tetragona microsite. 
Figure 28 shows wind profiles from the summed data for all 
measurement periods. Cassiope tetragona microsites were 
windier than adjacent C. mertensiana microsites, and Site 2 
was windier than Site 1. Differences within plant canopies 
are significant. These results are similar to those recorded 
at 60 cm with three-cup anemometers at the respective 
microsites (Table 12). Differences in windspeeds and air 
mixing within plant canopies are largely responsible for the 
air and leaf temperature differences noted above. 

Similar results were recorded on other measurement days 
of high radiation and temperatures. On cool, cloudy days, 
air and soil temperatures and VPD's were lower and both 


daily changes and microsite differences reduced. 
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Figure 28. Wind profiles above Cassiope plants at Sites 1 and 2. 
CI.95 are indicated. 
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IV. PLANT RESPONSES 


A. Phenology and Growth 
a. Methods 

Initial observations indicated that general growth 
responses and phenology of Cassiope were highly variable and 
related to date of snow release as influenced by elevation 
and microsite conditions. This agrees with Holway and Ward 
(1963, 1965) who considered snow cover and the retarding 
influence of cold meltwater on soil temperature as the 
primary factors influencing phenology of alpine plants in 
Colorado. Cassiope in exposed microsites near treeline 
(roadsides, base of trees, etc.) often melted out 4-8 wk 
ahead of those in late snowbank microsites at higher 
elevations, and phenological events were correspondingly 
advanced. This variability was more pronounced with C. 
tetragona as it occupied a wider range of habitats. 
Observations were thus concentrated at the two intensive 
Study Sites as they represented the "normal" habitats of 
both species. Cassiope mertensiana at Site 1 and C. 
tetragona at Site 2 occupied a wider range of habitats than 
the alternate species at each Site. Thus, microsites could 
be selected representing early, mid, and late snow release 
for C. mertensiana at Site 1 and C. tetragona at Site 2 and 
these could be compared with one microsite for each species 


at the alternate Site. 
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Phenological observations and measurements of shoot 
elongation were conducted from 1973 through 1975 (the 1973 
data are incomplete and therefore not reported). Plants 
located in a homogeneous area were marked in a grid pattern 
(1.5 m spacing) in mid July, 1973, and phenological 
observations concentrated on these (Table 13). Five vigorous 
shoots, unbranched near the apex, were randomly selected 
from within the canopy of each plant and marked for 
measurements of shoot elongation. A leaf was clipped 10.0 mm 
below the apex and measurements of shoot length taken with a 
fine scaled ruler. Measurements were taken at snow release 
and at approximately weekly intervals throughout the summers 
of 1974 and 1975. Shoot senescence and mortality related to 
microtine grazing (particularly in C. mertensiana late snow 
release microsites), mechanical breakage, or desiccation, 
reduced sample size and these shoots were eliminated from 
the data analysis. To complement and expand the data base, 
additional plants were marked and sampled in 1975 along a 
Snow release gradient at Sites 1 and 2. 

Additional shoots of C. tetragona were collected in 
1974 for a chronological sequencing of shoot growth and leaf 
and flower production. Many shoots flower yearly and 
pedicels remain attached, allowing successive years growth 
intervals to be distinguished. This is more prevalent in the 
vigorous, protected leeward shoots at the base of the plant 
Canopy. Growth and production of such shoots would represent 


a near maximum and not be directly comparable with the 
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Table 13. Sampling regime for phenological observations and 
measurements of shoot elongation at selected 
microsites. 

ee ee eee 


Site Microsite Snow Number of Observation 
Release Marked Plants Years 
1 C. mertensiana mid 10 1974-75 
C. mertensiana late ve ‘3 
C. tetragona mid 20 " 
Z C. mertensiana mid i i‘ 
C. tetragona mid : : 
5 C. tetragona mid ; 2 
1 C. mertensiana early S i975 
C. mertensiana mid 5 ‘ 
C. mertensiana late i 
C. tetragona mid é : 
2 C. mertensiana mid is 
C. tetragona early . : 
C. tetragona mid ; : 
C. tetragona late ‘ 


"average" canopy shoots as marked for measurements of shoot 
elongation. Samples were collected from early, mid, and late 
Snow release microsites at Site 2. Cassiope mertensiana was 
not analyzed in this fashion due to a more irregular pattern 
of flowering and branching which complicated shoot 
chronologies, particularly in late snow release microsites. 


b. Results 


Phenology 
The yearly sequence of phenophases in C. mertenSiana 


and C. tetragona is similar although the timing differs. At 
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growth cessation in the fall, shoot segments and leaves that 
will elongate to full size the following Sumner are already 
fully formed, partially expanded, and grouped in a tight 
cluster around the shoot apex, partially enveloped by the 
proximal leaves of the current year. Flower buds are also 
partially expanded, but to a greater degree in C. 
mertensiana. Leaf and bud primordia that will expand to full 
size two years later are also present on the shoot apex. No 
elongation or expansion of flower buds or shoots occurs 
during the winter months. At spring snow release, flower 
buds of C. mertensiana (and occasionally C. tetragona in 
late snow release microsites) have noticeably swelled from 
the fall condition, bulging out the enclosing leaves. The 
perception of light penetrating the snow, or an interaction 
with temperature, may be involved in this response (see 
Richardson and Salisbury 1977). Flower bud expansion 
continues in the spring, often before any noticeable shoot 
elongation. When flower buds near 100% expansion, pedicels 
begin to elongate and flowering commences. Peak flowering 
usually lasts only a few days on a single plant, but a few 
flowers may be produced over a 2-3 wk or longer period. Most 
Shoot elongation occurs during the period of flowering and 
early capsule swelling. Near the end of the period of 
Maximum shoot elongation (ca. mid August), yellowing and 
Senescence of the oldest leaves occurs in C. tetragona. Leaf 
Senescence in C. mertensiana is not as noticeable, and 


probably extends over a much longer period. Old leaves 
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remain attached to living stems and decompose in situ. 


Capsule swelling and elevation often begins before corollas 
are dropped. Ovule ripening continues after the capsules are 
fully swelled. Capsule dehiscence and seed dispersal begins 
ca. mid September; prior to continuous fall snow cover. 

Phenological patterns of Cassiope at various microsites 
in 1974 and 1975 are shown in Fig. 29. Snow release in 1975 
occurred earlier than in 1974 (see Snow Cover Section), 
microsite differences in dates of release were condensed, 
and phenological events were advanced. Flower bud expansion 
in C. tetragona began either ca. June 15-20 or approximately 
one week after snow release (except at Site 2 late snow 
release microsite in 1975) and was probably limited by low 
temperatures during early June in early snow release 
microsites. Late spring snow storms in 1974 and 1975, 
resulted in two and six days snow cover, respectively, in C. 
tetragona microsites. This may have slightly delayed the 
onset of flowering. However, flower bud expansion appeared 
to proceed unimpeded beneath the snow. Flower bud expansion 
in C. mertensiana was initiated prior to snow release at all 
microsites and overlapped with both the periods of C. 
tetragona flower bud expansion and maximum seasonal 
temperatures in July. 

The initiation of flowering and period of peak 
flowering in C. tetragona occurred earlier in the season 
than in C. mertensiana. However, peak flowering in 


C. tetragona was delayed, relative to snow release, due to 
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the early season period of inactivity. Also, there was a 
tendency for flowering in both species to be delayed, 
relative to snow release, at higher elevation microsites. 
Peak flowering in C. mertensiana and C. tetragona occurred 
18-31 and 27-48 days after snow release, respectively. 
Plants of both species that melted out on similar dates at 
the same Sites (marked along snow release gradient in 1975) 
showed similar patterns of flower bud expansion, initiation 
of flowering, and peak flowering. This indicates that the 
initial period of inactivity in early snow released C. 
tetragona may not be obligatory, but related to unfavorable 
early season environmental conditions. Although peak 
flowering was asynchronous in the two species, some overlap 
of Bicae cine periods occurred. Thus, cross pollination is 
not prevented by the timing of flowering periods. Flowering 
in C. mertensiana tended to extend over a longer period, 
especially in plants of late snow release. Reproductive 
development was not linked to shoot elongation (Fig. 29). 

The period of capsule swelling and fruit maturation 
began earlier in C. tetragona, but extended through August 
and early September in both species. The timing of fruit 
dehiscence was not observed in all years and microsites, but 
generally began in mid September. Fruit maturation and seed 
Production were reduced in plants (especially C. 


mertensiana) of late snow release and flowering. 
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Shoot Elongation 


Shoot elongation (growth) was essentially synchronous 
in both species, except where delayed by late snow release 
(Fig. 30 and Table 14). Plants of early snow release, e.g. 
C. tetragona in most microsites, had a quiescent period of 
Slow growth (<5-10% of season's total) prior to the onset of 
rapid growth. This pattern was similar to, but asynchronous 
with reproductive development. Growth was only roughly 
correlated with snow release. Seasonal growth patterns were 
advanced in 1975 when melt out occurred approximately two 
weeks earlier than in 1974, and growth periods were delayed 
both years in plants of late snow release. However, the 
period of most growth was not advanced in plants of early 
snow release, suggesting an environmental control unrelated 
to snow cover. 

Air temperatures and radiation levels were only 
partially limiting to growth of C. tetragona during the 
quiescent period in early snow released microsites. While 
air temperatures and radiation levels were generally lower 
during June than during the period of most growth in July 
and August, growth did occur during certain periods in 
August when air temperatures and radiation levels were 
Similar to those during the quiescent period. Plant canopy 
microenvironments certainly influenced the early season's 


growth but did not directly control the timing of the period 


of most growth. 
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The onset of the period of most growth coincided with 
rapidly rising soil temperatures in the rooting zone (see 
Microclimate Section). Soil temperatures at -10 cm in 1975 
were ca. 0°C in C. mertensiana microsites and ca. 1.0°C-in 
C. tetragona microsites during the week preceding the start 
of rapid growth. Soil temperatures were 0.5-1.5°C and 2-5°C 
in the respective microsites at the onset of rapid growth, 
and rose rapidly thereafter. The primary factors retarding 
the rise of soil temperatures were the percolation of 
meltwaters in C. tetragona microsites and snow cover in C. 
mertenSiana microsites. 

Most shoot elongation (90-95% of season's total) 
occurred over a period of 5-7 wk in July and August of both 
years and coincided with the period of maximum seasonal soil 
temperatures, air temperatures, and radiation. The duration 
of the rapid growth period of C. mertensiana in 1975 was 
approximately one week longer than in 1974. Growth 
completion was probably delayed by the cool, rainy 
conditions during August, 1975. Growth was essentially 
complete by September of both years at all microsites. A 
small amount of growth (<5% of season's total) was measured 
at some microsites during September. This may simply be an 
artifact of the reduced sampling frequency during this 
period, but more likely represents hydration of the 
following year's leaves rather than any elongation of 


Current year's stem segments. 
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Species differences in total seasonal shoot growth were 
not pronounced but trends are suggested (Table 14). Seasonal 
growth of both species averaged 5.5 mm/yr (X of all 
microsites in both years) but was more variable in C. 
mertensiana (2.6-8.2 mm/yr) than C. tetragona (4.3-7.4 
mm/yr). Growth of both species was reduced in 1974 compared 
with 1975, but only significantly in C. mertensiana. This 
suggests that a shortened growing season following a winter 
of heavy snowfall and late snow release is more detrimental 
to shoot growth of C. mertensiana. Growth of C. mertensiana 
waS greatest at the Site 1 mid snow release microsite, and 
was reduced, in most cases significantly, in exposed, late 
snow release, or high elevation microsites. Shoot growth of 
C. tetragona presented some anomalous trends, not clearly 
related to microsites. Growth was significantly less at the 
Site 2 mid snow release microsite than at the Site 1 mid 
snow release microsite, but was greatest at the Site 2 early 
Snow release microsite. Growth of C. tetragona was more 
consistent and less influenced by microsite conditions than 
C. mertensiana. 

The maximum rates of shoot growth, calculated over the 
approximate weekly measurement intervals, were low in both 
species (ca. 0.20 mm/d). Species differences in contrasting 
years and microsites followed the same patterns as total 


shoot growth, although few were significant. 
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Shoot Chronologies 


No statistical differences were found in the yearly 
growth increments and leaf production of basal shoots of C. 
tetragona from early, mid, and late snow release microsites 
at Site 2 (Table 15). Seven consecutive year's growth 
intervals were identifiable (variable between shoots) by old 
leaves and pedicels. Growth increments averaged ca. 9 mm/yr, 
and ranged between 4-15 mm/yr. Shoot growth was highly 
variable; two shoots often showed contrasting patterns of 
high and low growth in consecutive years. Yearly leaf 
production averaged ca. 9 pairs of leaves per year, and 
Penged between 4-23 pairs per year. Leaf production followed 
the same pattern of variability as shoot growth. Only the 
basal canopy shoots consistently flower each year allowing 
chronological sequencing, and this suggests that these 
shoots may experience less variable conditions than the 
"average" canopy shoots as marked for measurements of shoot 
elongation. This may partially explain the lack of 
differences between years or microsites as well as the 
greater shoot elongations compared to the marked shoots. 
Also, environmental conditions over three consecutive years 
(year 1 = primorida differentiation; year 2 = partial stem 
elongation and leaf expansion; year 3 = completion of stem 
elongation and leaf expansion) influence final stem growth 


and leaf production, and this may tend to suppress yearly 


and microsite differences. 
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Table 15. Chronology of seasonal shoot growth, leaf and flower production, and 

numbers of years of fully expanded living leaves in C. tetragona along 

a snow release gradient at Site 2. Sample size (n), range, and CI.95 

are indicated. 
ee 
Snow Release 1974 1973 1972 197 1 1970 1969 1968 
re Sa a a ee ee ee ee ee 

Growth per year (mm) 


Early 1OmMce on 9.441.0 8.4+0.8 S.-944-0 8.8+0.8 8.0+1.0 9.3+1.8 
(6-15) (6-15) (6-15) (4-13) (6-12) (6-11) (7-14) 
n=25 n=25 n=25 n=23 n=17 n=10 n=8 

Mid 7.8+0.8 9.1+0.7 8.8+0.9 8.2+0.8 8.8+0.7 8.7+0.9 10.64+2.2 
(4-13) (4-13) (4-14) (4-14) (6-12) (5-13) (8-15) 
n=31 n=30 n=30 n=29 n=26 n=19 n=8 

Late TeOQtOS 9.4+40.9 8.8+1.0 9.4+1.0 9.5+1.1 7.84+2.7 fe) 
(5-10) (5-15) (4-15) (6-15) (5-14) (5-10) -- 
n=30 n=30 n=30 n=26 n=19 n=5 n= 


Pairs of Neaves per year 


Early 9.2+0.6 10.0+0.6 9.2+0.6 9.1+0.7 8.8+0.6 7.8+0.7 8.5+1.0 
(7-13) (8-13) (7-13) (6-12) (7-10) (6-9) (7-11) 
Mid 8.540.9 10.241.1 8.641.6 9.1+0.6 Ga 7tO +7 8.9+0.8 9.64+1.4 
(4-14) (7-23) (6-18) (6-13) (8-16) (6-12) (8-12) 
Late 7.7+0.8 9.3+1.0 9.0+0.9 9.0+0.6 9.6+0.6 8.041.5 
(4-12) (6-20) (6-15) (7-12) (6-12) (6-9) =e 


Flowers per year 


Early 4.2+0.6 3.2+0.5 3.0+0.4 3.6+0.5 2.9+0.5 3.4+0.8 2.6+0.8 
(2-6) (0-5) (0-4) (2-6) (1-4) (1-4) (2-4) 
Mid 3.4+0.4 2.4+0.4 2.3+0.4 2.4+0.3 Seaton 4 2.3+0.4 3.0+0.6 
(2=6) (0-4) (0-4) (1-4) (1-4) (0-4) (2-4) 
Late 3. 0£0..3 14.8+0.3 PD ALOL4 2.7+0.4 2 DFOCS 1.641.4 


(2-4) CO-3) (0-4) (3S) 1-3) (O=3)} -- 
Years of living leaves 


Early 2.4+0.3 Mid 2.0+0.5 Late 3.1+0.2 
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Differences in yearly flower. production were often 
significant but not clearly related to patterns of shoot 
growth or leaf production during either the current or the 
previous year. This agrees with the observation noted with 
the plants marked for phenological observations and growth 
measurements that reproductive development is influenced by 
eecerent environmental factors than shoot elongation. 
Microsite differences in flower production were more 
pronounced. The mean yearly flower production over the seven 
Bem Orerecord was 3.3 20.5, 2.6 + 0.4, and 2.2 + 0.5 
flowers per year (+ CI.95) in early, mid, and late snow 
release microsites, respectively. This suggests that early 
Snow release is conducive to greater flower production in C. 
tetragona. Similar trends were noted with the upper canopy 
shoots of the plants marked for phenological observations. 
The frequency of shoot flowering and flower production were 
recorded on the marked plants in 1973 (Table 16) and C. 
tetragona had greater flower production at the higher 
elevation, more exposed Site 5. Cassiope mertensiana 
followed a similar pattern of reduced flowering in the late 
Snow release microsite. However, in contrast to C. 
tetragona, flowering in C. mertensiana was also reduced at 
the higher elevation microsite. 

Leaf longevity of C. tetragona was significantly 
greater in the late snow release microsite (Table 15). The 
number of years of fully expanded living leaves in fall 


collected shoots ranged between one and four, and averaged 
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Table 16. Frequency of shoot flowering and flower production 
in 1973 on plants marked for phenological 
observations. Indicated are snow release relative 
to other microsites at Site (M=Mid; L=Late). 


C. mertensiana C. tetragona 
Site; 1) ‘Sitei Site 2 Site’1 “Site 2 "Site 5 

(M) (L) (M) (M) (M) (M) 
Flowering | 
Frequency 50% 6% 38% 53% 30% 66% 
Flowers Per 
Flowering 
Shoot Sal 3 7 ie9 ag 2 


2.0-2.4 in the early and mid snow release microsites, and 
3.1 in the late snow release microsite. Values would be one 
year greater if measured in mid summer, before senescence of 
Older leaves. Reduced leaf longevity in exposed microsites 
may be a function of more rigorous environmental conditions. 
However, greater leaf longevity in late snow release 
microsites may represent a physiological adaptation to 
maximize photosynthesis and storage of nutrients and food 
reserves in areas with a reduced growth period. Observations 
were also made on leaf longevity of C. mertensiana, and 
Similar trends were noted. Mature leaves remained living for 
ca. 5-7 yr in mid snow release microsites, but leaf 
longevity often exceeded 10 yr in protected microsites. The 
greater leaf longevity of C. mertensiana may give it a 
competitive advantage over C. tetragona in microsites of 


late snow release. 
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Observations of Reproductive Strategies 


The visual floral displays of treeline vegetation, 
especially heath species, are impressive. Cassiope flowers 
vigorously in most habitats, often producing six or more 
flowers per flowering shoot. This must represent a 
Significant energy expenditure on sexual reproduction, 
considering the slow growth rates. However, sexual 
reproduction appears to play only a minor role at the 
present time in the maintenance of local populations, as 
discussed below. 

Seed production by Cassiope is high, except where 
limited by reduced flowering and incomplete fruit maturation 
in areas of late snow release (primarily C. mertensiana). 
The small seeds, ca. 0.7 X 0.15 mm, are readily wind 
dispersed into most habitats. Capsule dehiscence of C. 
tetragona often occurs during winter when terminal portions 
of shoots and erect capsules project above the snow pack, 
allowing seeds to be dispersed considerable distances. This 
manner of winter seed dispersal is common in arctic plants 
(Savile 1972). High seed production may not be accompanied 
by high seed viability or germination rates. 

Germination tests were conducted with seeds of both 
Species collected from mid snow release microsites at Sites 
1 and 2 on 3 September, 1973, and 29-30 October, 1974. Seeds 
had been stratified by temperatures <0°C in the field before 
collection, and were stored dry at 5°C, for ca. onesmonth 


before tests. Germination tests were conducted on moist 
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filter paper in petri dishes at 20°C (light and dark), and 
terminated after 21 days. No germination was observed for 
either C. mertensiana or C. tetragona, suggesting incomplete 
ripening or stratification, improper conditions for 
germination, or low seed viability. 

Successful seedling establishment appears to occur 
infrequently as no seedlings were observed in any habitats 
during the course of this study. This may be due to a lack 
of seedling recognition because of their small size, or to. 
an actual absence of seedlings. Reproduction by seeds must 
have occurred in the past. However, only in limited areas 
are plants recognizable that probably established from 
seeds. Both species were observed colonizing Neoglacial 
moraines in Jasper National Park. Also, small plants of both 
Species were observed on Signal Mountain in areas of late 
snow release with reduced vascular plant cover. The smallest 
and presumably youngest plants observed were estimated at 
Ca. 15+ years old. Precise ageing using shoot chronologies 
is impossible on these plants due to slow growth rates, the 
Maintenance of a seedling size for several years, and the 
lack of flowering. Seedling establishment is probably 
inhibited in exposed microsites due to rigorous 
microenvironments. The vigorous growth of vascular and moss 
Species, and needle ice activity in bare areas, probably 


inhibits seedling establishment in C. mertensiana and C. 


tetragona communities. 
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Both species of Cassiope reproduce aggressively in 
their normal habitats by vegetative means. Rhizomes permeate 
the LFH and Ah soil horizons and decumbent shoots readily 
produce adventituous roots. Individual plants of C. 
mertenSliana are normally impossible to separate, either 
above or below ground. The scattered or relatively open 
Spacing of C. tetragona is also more an apparent rather than 
a real plant separation. The more distinct clumps of both 
Species appear to be approximately of the same age, ca. 
30-50 years or more old, and may represent vegetative 
reproduction of plants established from seed at a much 
earlier date. Observations in other areas of the Canadian 
Cordilleras on the uniformity of plant size (and perhaps 
age), and patterns of flavonoid chemistry of local 
populations of C. mertensiana and C. tetragona, suggest that 
they may represent essentially clones with a long history of 
vegetative reproduction from an older period of plant 
establishment (Denford and Karas 1975, and Denford pers. 
comm.). Vegetative reproduction appears to be responsible 
for the maintenance of local populations of Cassiope at the 
present time. Sexual reproduction was observed to operate 


only to extend plants into new habitats or at the limits of 


the species tolerances. 
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B. Cold Hardiness 
a. Methods 

Cassiope mertensiana and Cassiope tetragona plants used 
in controlled environment studies, including cold hardiness 
tests, were collected from late snow release microsites near 
Site 1 and exposed microsites near Site 2, respectively. 
Collection site soils were retained as the potting medium. 
Plants were maintained in the laboratory and cycled through 
summer, fall, and winter regimes to synchronize desired 
phenological and hardiness states. Other potted plants 
remained on Signal Mountain in their respective communities 
in an excavation in the soil to maintain normal plant canopy 
heights. Thus, these plants were subjected to near normal 
Cassiope microenvironments and cold acclimation before 
removal to the laboratory. 

Summer conditions were simulated in the laboratory by 
growing plants in a Trop-Arctic greenhouse under natural 
daylength extended to a 16 h photoperiod with multivapour 
and Lucalox lamps giving an irradiance of >250 ,Eem™*es™' 
PhAR (photosynthetically active radiation) at the canopy 
level. Air temperatures were regulated such that the maximum 
Of 15-17°C occurred at 1200-1400 h and the minimum of 
7.5-10°C occurred near 2400 h. Relative humidity was 
controlled in steps with a low of 35-50% from 1000-1700 h, 
and a high of 95-100% from 0300-1000 h. Plants were watered 
daily with tap water. After completion of the growth cycle 


plants were transferred to controlled environment chambers 
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(Environmental Growth Chambers, Chagrin Falls, Ohio) for 
hardening. Fall conditions were Simulated by an 8 h 
photoperiod with fluorescent and incandescent lamps. The 
irradiance was stepped up and down in two steps to give a 
maximum irradiance of ca. 250 4Eem™*es~' PhAR at the canopy 
level. Temperatures during the light and dark periods were 
*5°C and -2°C, respectively. Humidity was not controlled and 
fluctuated between ca. 50% and 80%. After four to six weeks, . 
dormant, hardened plants were covered with plastic bags 
(often with crushed ice or snow), and transferred to a dark 
cold room at -2°C to -4°C to simulate winter conditions. 
After a minimum of six weeks, plants were transferred to the 
Trop-Arctic greenhouse and summer conditions. 

Cold hardiness tests were conducted on plants of three 
hardiness states: summer plants in full flower, partially 
hardened fall plants, and fully hardened winter plants. 
Tests were conducted with plants taken from the controlled 
environment conditions described above, and with plants 
collected from Signal Mountain in the fall and early winter. 
Partially hardened fall plants were collected from the field 
in early October, 1975, and kept for one month under fall 
conditions as described above until tests began. These 
plants had been exposed to temperatures ca. -5°C before 
removal from Signal. Hardened winter plants were collected 
from the field in early November, 1975, and stored for one 


week under winter conditions as described above until 


tested. These plants had been exposed to temperatures Ca. 
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-10°C (C. mertensiana before snow cover) and ca. -15°C (C. 
tetragona) before removal from Signal. 

Tests were conducted using either whole plants or cut 
shoots because of plant number and space limitations. Shoots 
were cut under water and placed in moist sand. The shoots 
could be maintained for the test duration without injury. 
Potted plants and sand cultures with two vigorous shoots of 
each species and three hardiness states were placed in a 
freezing cabinet at -2°C to equilibrate for two hours. 
Cabinet temperature was gradually lowered at 1.5°C per hour 
to -40°C. Test plants were removed after exposure to desired 
temperatures and either rewarmed or stored for two months in 
dark cold chambers at -25°C and -40°C. Air and leaf 
temperatures during freezing tests were measured with 0.127 
mm thermocouples and recorded on a Data Aquisition System 
(Easterline Angus Model D2020). Plants were transferred from 
cold temperatures in a precooled insulated chest to a dark 
Peranroom at’—-2°C tow-4°C fer a» four-hour ‘equilibration, 
Plants were then placed in a dark cool room at +4.5°C for 
one week, and subsequently transferred to a Trop-Arctic 
greenhouse and summer conditions. Freezing damage was 
visually rated (Table 17) after six weeks in summer 
conditions. Freezing injury resulted in partial to complete 
browning of leaves and buds and was easy to assess. No 
difference was gneerved in the freezing injury of whole 
plants or cut shoots. Viable plants or shoots frequently 


flowered after freezing tests. 
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Table 17. The effect of low temperature on Cassiope leaf 
tissue viability. Summer plants were taken from 
the laboratory and fall and winter plants from 


Signal Mountain. 


TREATMENT TEMPERATURE 


2. € 20°C we OF Casere 6G € 
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1 hour at temperature 


C. mertensiana 


Summer 0 0 
Fall 0 0 
Winter 0 0 


C. tetragona 


Summer 0 0 
Fall 0 0 
Winter . 0 0 
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Slight injury, browning of apical leaves or leaf 


discoloration. 


Moderate injury, ca. 50% of leaves brown. 


Severe injury, all leaves brown except protected buds 
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b. Results 

Summer flowering plants of both species were able to 
eolerate —10°C. with, little or no, visual <injury.,. but’ both 
were killed at -16°C (Table 17 and Figure 31). The survival 
temperature was below the minimum temperatures enccuntered 
in Cassiope habitats during the study, May through 
September. Fall and winter-hardened plants of C. mertensiana 
were injured after one hour exposure to -26°C, and severely 
injured at -36°C. Cassiope tetragona was able to tolerate 
eae NOUr Exposure to =36°C with Tittle or no injury. Thus, a 
differential sensitivity exists to temperatures that 
normally occur in very exposed Cassiope habitats during 
winter. 

Two months exposure to low temperatures resulted in 
greater tissue damage in both species (Table 17 and Fig. 
31). Fall and winter-hardened plants of C. mertensiana were 
severely injured or killed at -25°C, and all plants were 
killed at -40°C. Cassiope tetragona was slightly to severely 
injured at -25°C, but some plants were able to tolerate 
-40°C. Temperatures this low do not normally occur for this 
duration in Cassiope habitats during winter. 

The cold hardiness of plants acclimated in the 
laboratory under fall conditions was similar to those stored 
under winter conditions of continuous darkness and 
Subfreezing temperatures. Also, plants collected from Signal 
in November did not possess greater cold hardiness than 


those collected in October. Weiser (1970) suggests that near 
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Figure 31. Low temperature injury to C. mertensiana and C. tetragona. 


a. Cut shoots in sand exposed to one hour at designated 
temperature. Included are summer shoots (left column), 
partially hardened fall shoots (middle column), and 
hardened winter shoots (right column) of C. mertensiana 
(top two rows) and C. tetragona (bottom two rows). 


b. Hardened winter plants (C. mertensiana on left) exposed 
to -40°C for two months. 
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maximum hardiness occurs during the second Stage of 
acclimation, after induction by short day photoperiods and 
low temperatures. The results with fall and winter-hardened 
Cassiope, both laboratory and field acclimated, agree with 
this model. The near maximum hardiness of Cassiope is 
probably reached in September or October, prior to the 
intense cold periods of winter. 

._ The cold hardiness of plants in the laboratory under 
fall and winter conditions was similar to plants taken from 
Signal in early October. However, the field plants were 
Stored for one month under the same fall conditions as 
laboratory plants, and acclimation would be similar. The 
plants collected from Signal in October were more hardy than 
those collected in November. This anomalous difference was 
more pronounced in the two month low temperature treatment. 
Leaves that survived two months at -25°C and -40°C were 
visibly rugose, indicating intense dehydration. The 
increased survival of fall-hardened plants may not be due to 
greater cold hardiness, but rather to greater initial leaf 
hydration and a shorter period of exposure to severe 
dehydration. Fall-hardened plants were watered daily in the 
laboratory, whereas field plants collected in November had 
been exposed to some fall and early winter desiccation and 
were not watered prior to freezing tests. Low temperature- 
induced dehydration may be important in limiting Cassiope to 
Protected (i.e. snow covered) microsites and in 


differentiating between the relative exposure tolerances of © 
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the species. 


C. Water Relations 
a. Methods 
Water Potentials 

Leaf water potential, turgor potential, and osmotic 
plus matric potential were measured with Spanner-type 
thermocouple psychrometers (after Mayo 1974) and a 
psychrometric microvoltmeter (Wescor, Logan, Utah). Sample 
chambers (ca. 8 mm diameter X 4 mm deep) were filled with 
either leaves or cut sections of leafy shoots, and 
psychrometers placed in a constant temperature water bath. 
Water bath temperatures were held at approximately 15°C 
(field) and 30°C (laboratory); psychrometers were 
recalibrated and tissue equilibration times determined at 
the respective temperatures. Psychrometers were equilibrated 
for 4-6 h and replicate readings taken with the 
microvoltmeter to + 0.1 ,«V repeatability to determine leaf 
water potential. 

Component potentials were determined by freezing the 
plant tissue and rereading psychrometers. Sample chambers 
were wrapped in aluminum foil and immersed in either liquid 
N. at -196°C (laboratory) or liquid propane at ~42°C (field) 
for ca. 10 min to rupture cell membranes. Chambers were 


—— 


rewarmed for ca. 15-30 min and replaced in psychrometers. 


After 2-4 h equilibration in the water bath, psychrometers 


were reread to determine osmotic plus matric potential. 
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Turgor potential was derived as follows: 


WY, Winall sure. 26. chin expecced. saiMy tia) 


where = leaf water potential 
Y, = turgor potential or pressure 
yp = combined osmotic and matric potential 


Leaf temperatures were measured at time of sampling 
with 0.127 mm thermocouples and a Wescor psychrometric 
microvoltmeter. Leaf water potentials and component 
potentials were adjusted to leaf temperatures using the 


following equation: 


Te 


W at leaf temperature = y at calibration X ——....(4) 
temperature a 
where T> = calibration temperature °K 
as leaf temperature OK 


Water potentials and component potentials were 
monitored at various microsites at Sites 1 and 2 during 
June-November, 1975. Composite samples (2-5 replicates per 
Microsite) of current and one year old leaves and included 
Shoot segments were collected from several adjacent plants. 
Replicate samples usually agreed within + 0.3 MPa. 
Xylem Pressure Potential 


Xylem pressure potential Yap) was measured with a 


Scholander bomb (PMS Instrument Co., Corvalis, Oregon). 
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Leafy shoots >5 cm in length were placed in the chamber with 
<0.5 cm protruding beyond the rubber seal. Bomb pressure was 
raised rapidly to within 0.5 MPa of the expected value, then 
Slowly at ca. 0.02 MPa per second until water was observed 
(handlens) to wet the cut surface. 

The Scholander bomb was used primarily during the 
winter months when psychrometry was not possible. Laboratory 
tests at subzero temperatures indicated that the bomb gave 
accurate and repeatable measurements of COPabSUE T= O°C; 
Below this temperature, liquid water froze the moment it 
reached the cut surface of the shoot, and the lack of either 
a color change due to wetting or the bubbling of liquid 
water caused measurement errors. At Subzero temperatures 
there was also an increase in the frequency of spuriously 
high readings or readings that were unobtainable at maximum 
bomb pressure (6.5 MPa). The attainment of high bomb 
pressures was also limited at low temperatures because of 
differential contraction of the bomb valves, causing N, 
leakage. To circumvent these problems, samples often were 
collected, sealed in plastic bags, and transported frozen to 
a location with favorable measurement conditions. Samples 
could be read ca. 6 h after collection with virtually no 
error. 

Psychrometry was often conducted in conjunction with 
Scholander bomb readings. During summer months, W, was 
approximately equivalent (+0.3MPa) co . During the winter 


months, W was often erroneously low. This was 
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interpretated as due to xylem sap cavitation. During the 
fall or spring when shoots were immersed in wet snow or 

meltwater y 
er ership 
Saturated with water little pressure was needed to force 


was often erroneously high. When shoots were 


water from the cut shoots. 
Field Estimates of Transpiration 

Transpiration in Cassiope was estimated in the field 
using lysimeters and potometers. The lysimeters weighed 4-5 
kg and consisted of plants sealed in a 20 cm diameter X 15 
cm deep container using a silicone rubber compound (RTV 30, 
General Electric) over the soil surface. The potted plants 
were well watered before sealing, and were replaced with new 
plants at 2-3 wk intervals. The lysimeters were positioned 
in a similar sized container buried in the soil to maintain 
normal canopy height, and were removed periodically and 
weighed (to + 0.5g). Lysimeter temperatures (measured with 
thermocouples) did not differ significantly from the 
adjacent undisturbed soil. Three lysimeters of each species 
were used simultaneously and were alternately placed in C. 
mertensiana and C. tetragona microsites at Sites 1 and 2. 

Potometers consisted of shoots (cut underwater) 
Betached-viasa rubber tube tova finerscaled pipette .(+ 0.005 
ml). All connections were sealed with five-minute epoxy. 
Potometers of both species were placed in the plant canopies 
adjacent to the lysimeters. 

Water loss from lysimeters and potometers is expressed 


on the basis of green tissue dry weights. ane 
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leaves were a minor component and were disregarded. 

The effects of vapor pressure deficit on stomatal 
response of Cassiope were examined using the experimental 
design of Mayo and Ehret (1980). Cut shoots of hydrated, 
summer, greenhouse plants (see Cold Hardiness Methods) were 
sealed in 5 ml vials containing water, and placed in 
desiccators over Saturated salt solutions of known VPD. 
Dessicators were placed in a controlled environment chamber 
at 22°C and 70% RH with a 16 h photoperiod; PhAR was 430 

gM Bem-*?es~' at the leaf surface during the light period. 
Vials plus cut shoots were weighed to determine 
transpiration on an analytical balance placed inside the 
chamber. 

Relative humidities and VPD's in the desiccators were 
controlled using saturated salt solutions (Winston and Bates 
1960): KCl, 85% RH and 0.35 kPa VPD at 20°C; Ca(NO;),¢4H,0, 
55.5% RH and 1.04 kPa VPD at 20°C; KOH, 8% RH and 2.15 kPa 
VPD at 20°C. Since KOH was used in one desiccator to control 
VPD but is known to reduce CO, concentrations thus favoring 
stomatal opening, a few KOH pellets were also placed in the 
Other desiccators. Leaf and desiccator air temperatures were 
Measured with 0.076 mm thermocouples and a Fluke digital 
thermometer. Relative humidities and VPD's were calculated 
from actual temperatures. Small fans within desiccators 
insured air mixing. Wind speed around shoots was 1.3 m/s, 


measured with a Hastings thermopile anemometer and 
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omni-directional probe. 


Leaf resistance oe was calculated according to Slavik 


(1974): 

ae = [( Caen — Cy Lofaqing- Ra ceceeccecccevee (5) 
where Ry = leaf resistance in s/cm 

Coat Saturation absolute humidity at leaf 

temperature 
Ca = absolute humidity at air temperature 
= transpiration rate 
Rq = leaf boundary layer resistance 


Leaf boundary layer resistance was estimated at ca. 0.1 s/cm 
due to small leaf size and wind speed around shoots (Nobel 
1974). 

Leaf areas were determined on the exterior surfaces of 
intact shoots using the technique of Thompson and Leyton 
(1971). Leaves of the two species differ in shape and 
Stomata location, and individual shoots differ in the degree 
of leaf overlap. Thus, the exterior (exposed) leaf surface 
was chosen here as the most ecologically-meaningful 
reference area (see "the question of the reference area" in 
Korner et al. 1979). 

Vials plus shoots were placed in desiccators at the 
Start of a dark period. Transpiration of all shoots was 
determined over two 2-4 h intervals (light and dark) in all 
desiccators by rotation of vials. Final readings were taken 
during the second dark and light periods after transfer back 


COP ther initial. desiccators. 
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Hofler Diagrams 

Hofler-type diagrams were constructed from leaf water 
potential, component potential, and relative water content 
data from current leaves of flowering plants and older (1-2 
yr) leaves of late summer plants grown in a Trop-Artic 
greenhouse (see Cold Hardiness Methods). Maximum turgidity 
was obtained by placing the bases of cut shoots in water in 
a darkened saturation chamber (100% RH) at 22°C for 2-3 d. 
Fresh weights increased rapidly during the first day of 
equilibration and more gradually (1-2% fresh weight per day) 
thereafter. Turgid shoots were removed from the saturation 
chamber, partitioned into components (old leaves, new leaves 
and apices, plus included stem segments), and weighed. 
Leaves were allowed to air dry in the laboratory to obtain 
varying tissue hydration levels, and were reweighed and 
placed in thermocouple psychrometers to determine W, 
ber , and VY, . Bach determination was a composite of 3-5 
shoot segments. Samples were oven dried at 90°C for 24 h and 
weighed to determine dry weights. Relative water content (R) 


was calculated after Barrs (1968): 


fresh weight - dry weight 
R = ———————— ccc OaaarewereteeC“‘*#OS OHH HOO ee eee EF EO 


turgid weight - dry weight 


mae, 


The data were analyzed with the model of Acock (1975) 
to estimate intracellular component potentials, and intra- 
(symplastic) and extracellular (apoplastic) solution 


fractions of water in the tissues at various hydration 
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levels. Matrix-bound water content was estimated from the 
linear regression of R on Vy 


; T+ 
An estimate of cell wall elasticity was obtained using 


the following equation: 


‘a 2 ee Ys hed... Sees. showne BBs. 067) 


where & = bulk volumetric elastic modulus (Jones and Turner 
1978) or bulk modulus (Hellkvist et al. 1974). 
Transplants 

Plants of C. mertensiana and C. tetragona were 
transplanted into microsites encompassing the range of 
normal habitats to compare species survival. Transplants 
were made in early August, 1974, into: 1) a very exposed 
Dryas-lichen microsite at Site 2; 2) a mid snow release C. 
tetragona microsite at Site 2; 3) a mid snow release C. 
mertensiana microsite at Site i; and 4) a late snow release 
Carex nigricans microsite at Site 2. All plants were 
collected from near Site 2. Six plants of each species were 
alternately placed in rows at each transplant site with a 
1-2 m spacing to minimize disturbance when sampling. Plants 
were watered ee cawen wily until mid September to assure 
establishment. Various aspects of the water relations of the 
plants were measured periodically during the winter months 
(1974-75, and early winter, 1975). 


Transplants were sampled for desiccation damage in the 


Summer, 1975. A 25 X 5 cm quadrat frame was placed over each 
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plant, oriented perpendicular to the slope (and prevailing 
winds) to assure equal sampling of windward shoots showing 
considerable desiccation and leeward shoots Showing little 
desiccation. Damage was visually rated on a 1-5 scale, the 
number of shoots counted per category, and the mean heights 
of shoots in each category recorded. Only shoots >2 cm 
length were sampled; small ieeeqsdabea nena were 
disregarded. Shoots were not sampled if they appeared to 
have been damaged by transplanting. For comparison purposes, 
plants were also sampled at various locations along the 
transects at Sites 1 and 2. Ten plants were randomly sampled 
along a line perpendicular to the transects at each 
location, except in the very exposed Dryas-lichen community 
at Site 2 where the occurrence of C. tetragona was sporadic. 

The transplants were also sampled in 1978, four years 
after transplanting, to determine species survival. Sampling 
was similar to that for desiccation, and shoot vitality was 
visually estimated and categorized. 
Laboratory Simulation of Winter Desiccation 

A laboratory experiment was conducted to simulate 
winter desiccation of Cassiope shoots exposed above the 
Snow. Potted plants were collected from a deep snow 
accumulation microsite at Site 1 on 20 December, 1974. Plant 
had not been exposed to prior desiccation due to early 
winter snow cover. Plants were bagged in plastic and stored 


outside in Edmonton beneath the snow until early March when 


-_ ° ; 
they were transferred to a dark cold room at -2 to -4°C for 
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one week. Four potted plants of each species were placed on 
a permafrost simulator (Younkin 1974) located inside a 
controlled environment chamber. Soil temperatures were 
maintained at -2 to -5°C and leaf temperatures at 3 + 1°C. 
Chamber, leaf, and soil temperatures were monitored hourly 
with a Data Aquisition System (Easterline Angus Model D2020) 
and thermocouples. Chamber relative humidity was maintained 
at 61 + 5% (VPD ca. 0.30 kPA). Chamber temperature and VPD 
approximated the absolute maximum field values recorded 
during November and April, but were much higher than the mid 
winter (December-March) maxima (Table 10). An 8 h 
photoperiod with a combination of fluorescent and 
incandescent lamps gave ca. 180 .«Eem~*es~' PhAR at the 
canopy level. Fans were situated to blow across the plants 
and wind speeds ae 2 0- 2529 mst aka the fmonteand? tO pbots the 
Canopies, and 0.5-0.9 m/s at the rear of the canopies. Leaf 
tissue samples were collected at midday for water content 
and psychrometric determinations ot Wao Wee and p? 
beginning on day 0 (start of experiment) and periodically 
over the 10 d experiment duration. 
Dehydration Injury of Cut Shoots 

Cut shoots of summer and winter Cassiope plants (see 
Cold Hardiness Methods) were hydrated to R=1.0 (see Hofler 
Diagrams Methods) and allowed to dehydrate in the laboratory 
(ca. 20°C and 2.0 kPa VPD) for up to 6-12 h. Shoots were 
weighed to determine dehydration levels, were replaced in 
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and reweighed to determine rehydration levels, and were 
oven-dried at 90°C for 24 h and weighed to determine dry 
weights. Observable injury after rehydration was recorded as 
minor (slight rugosity and or discoloration) or severe (>50% 
of leaves rugose, discolored or dead). Weinberger et al. 
(1972), suggests that the failure of tissue to rehydrate to 
R>0.9 after dehydration can be used as an index of injury. 
However, Cassiope showed no consistent relationship between 
levels of rehydration and observable injury at high R 
values. Therefore, observable injury is expressed as a 
function of hydration level, and rehydration is not 
reported. 
Cavitation in Frozen Stems 

Methods similar to those of Hammel (1967) were used to 
test for the ocurrence of cavitation in the stems of both 
Species following freezing. Experiments were conducted to 
determine the changes in water uptake of cut shoots and in 

of intact shoots following freezing of 2 cm stem 
Sections with dry ice (-78.5°C). Liquid N, was not used 
because it could not be easily localized on the small shoots 
and caused extensive leaf tissue damage. 

Shoots were sealed in potometers similar to those used 
for the field estimates of transpiration. Water loss was 
initially determined to be equivalent to water uptake by 


weighing the potometer system and thereafter, only water 


uptake was recorded. The potometers were equilibrated for 


0.5-1 h and readings made at approximately 2 h intervals 
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over a 6 h period prior to freezing. Readings were resumed 


Be ca. 1 h post-freezing for a 3 h period. Recovery rates 


were monitored at ca. 14-21 h post-freezing. Rates of water 
uptake are expressed on the basis of green tissue fresh 
weights and are 0.48-0.50 of dry weight rates. 

The Wyn p oF Shoots of intact plants were measured prior 
to the freezing of experimental shoots. Measurements were 
taken at 22 h post-freezing of the Wynn 


shoots that had been frozen and adjacent control shoots that 


of experimental 


had not been frozen. 

Plants used in the cavitation experiments were taken 
from a Trop-Arctic greenhouse under summer conditions (see 
Cold Hardiness Methods). Intact plants and potometer systems 
were maintained for the duration of the experiments in a 
controlled environment chamber at 20°C and 75% relative 
humidity, with an irradiance of 280 , Eem”*es”' PhAR at the 
canopy level. 

b. Results 
Summer Midday Water Potentials 

Both Cassiope species followed a similar seasonal 
course of midday W, and te (FIGS: 32 and, 33)-eleatiyatrer 
potentials and ate Were low at snow release and early in 
Ene season; ca. -2.0 to -3.5 MPa and 2.5 to2s5 7 0eMea, 


respectively. This seemed to be environmentally related 


because a few plants of both species dug from beneath the 


Snow in mid July naa, of Ca. -1.0 MPa and poh SOE Cae atl farce 


MPa. However, these plants were froma late snow release 
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C. mertensiana 


-50 
| am, 
© 
ia 
= 
=~ 
> 
-5.0 C.tetragona 
Pore f 


C. tetragona 


Figure 32. Seasonal course of midday leaf water potentials (Y, ) and 
osmotic plus matric potentials (Wa+y7) at Site 1 during 
1975. Turgor potential is the difference between the two 
lines. Snow release is indicated aes eee Se 
line. Cassiope tetragona was sampled at two microsites 
along the snow-release gradient. Data points are means 
of 2-5 replicates which usually agreed within ~ 0,3 MPa 


(see Methods). 
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1975 


C. mertensiana 


-& C. tetragona 


Seasonal course of midday leaf water potentials (W_ ) and 
osmotic plus matric potentials (Ywer) at Site 2 during 
1975. Turgor potential is the difference between the two 
lines. Snow release is indicated ee ae ee me 
line. Cassiope tetragona was sampled at three micros 
along lem nowere eceraradient, PONE rue 
of 2-5 replicates which usually agreed within = 0.3 MPa 


(see Methods). 
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microsite and had experienced early and continuous snow 
cover through the winter. Leaf and osmotic potentials 
increased rapidly after snowmelt and the seasonal maxima 
occurred in mid summer. Maximum YW, and W474 were ca. -0.5 to 
-1.0 MPa and -1.0 to -1.5 MPa, respectively. Osmotic 
potentials declined rapidly in apeebes and approached spring 
levels by late November. ral, values paralleled the 
declining ate7 Values except for C. mertensiana at Site 2. 
This site had experienced the longest period of fall snow 
cover of any microsite sampled, ana, was at a seasonal 
high. 

Turgor potentials were ca. 0.5 to 1.0 MPa in both 
Species throughout the season. The lowest turgor was 
measured in July, during a period of high air temperature 
and VPD. Turgor was relatively constant in C. tetragona but 
more variable in C. mertensiana. Turgor potentials <0.1 MPa 
were measured in C. mertensiana at both Sites on several 
Occasions. The minimum WV, measured in C. tetragona was 0.26 
MPa. Turgor was highest (ca. 2.0 MPa) in late November in 
Snow covered plants, even though y was below the mid 
Summer maxima. 

Low VA values during the spring and in early winter 
were not indicative of water stress pecause Wp was high in 
Most instances. Periods of slight water stress were 
indicated in C. mertensiana in mid summer when turgor fell 
to low levels even though, remained high. The maintenance 


of leaf water potentials well below soil water potentials 
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(see Tables 6 and 7) indicates that Cassiope has a high root 
resistance to water uptake. | 

Xylem pressure potentials were measured infrequently 
during the summer months and closely followed, values. 
Water contents were also measured infrequently during the 
summer months. Tissue fresh weights ranged between 220% and 
250% of dry weights in both species at all microsites. 
Summer Diurnal Water Potentials 

Diurnal changes in water potentials were monitored in 
C. mertensiana and C. tetragona on three and four days, 
respectively, in July, 1975. Variable microclimatic 
conditions existed on the sample dates. This allowed species 
responses to be compared under conditions varying from hot 
and dry to cool and wet. Contrasting patterns were presented 
by phe Species (Fig. 34), Cassiope tetragona maintained 
relatively constant Wp (around 1.0 MPa) regardless of 
changes inW, ox environmental conditions. Cassiope 
mertensiana did not maintain constant Wp and periods of 
water stress were indicated (e.g. July 9, Site 1). 

Leaf water potentials were lowest in C. tetragona on 3 
July when air temperatures (to 20°C), radiation (27.9 
MJem-?ed-'), and VPD's (to 1.61 kPa) were high. However, the 
plants had been covered by snow two days earlier and the 
Soils Pee cirated with meltwater. Leaf water potential 
declined during the day to a low of -3.0 MPa in early 
evening. Turgor potential remained constant even though 


Water was rapidly being lost to the dry atmosphere. Dry 
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MDT (h) MDT (h) 


C. tetragona 
20 


8 4 i6 


17 July 


Site | 


Site Il 3 July 


Site! 30 July 


(MPa) 


C. mertensiana 


¥ 


Yrs 7 
Site | 5 July 


Figure 34. Daily course of leaf water potentials (¥. ) and osmotic 
plus matric potentials (Wy) during selected days in 
July, 1975. Turgor potential is the difference between 


the two lines. Data points are means of 2-5 replicates 
+ 0.3 MPa (see Methods). 


which usually agreed within < 


Le 


conditions also existed on 30 July, but were not as extreme. 
Air temperatures (to 14.5°C), radiation (18.1 MJem-7ed-'), 
and VPD's (to 0.95 kPa) were lower than on 3 July, and the 
magnitude of the change inW) and component potentials was 
reduced. Conditions were cool, cloudy, with intermittent 
rain and lower VPD's on 17 July and 22 July, and the midday 
depression of W, was ameliorated by early evening. 

Cassiope mertensiana followed a similar pattern of 
decreasing W, during the day when exposed to hot, dry 
conditions (9 July). However, unlike C. tetragona, this was 
accompanied by a drop in W, . A midday depression of L and 
VY, also occurred on 15 July. Conditions were cool (to 
Pee 5°C), cloudy (11.7 Mdem-?2ed-*),;erainy. (9 mm ppt? sin 
previous 24 h), and with low VPD's (to 0.33 kPa). High leaf 
hydration would have been expected. Although precipitation 
Occurred throughout the previous 72 h, plants were exposed 
to hot, dry conditions for approximately 10 d prior to this 
and tissue water deficits may not have been alleviated. The 
anomalously Low Wo indicates either a low control over water 
loss or a high resistance to water uptake. Conditions on 25 
July were also cool, cloudy, and rainy, but with higher 
VPD's (to 0.81 kPa). Precipitation was frequent during the 
preceding days and leaf hydration ana, were high. Leaf 
water potential dropped only slightly during the day and p 


remained high. 
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Field Estimates of Transpiration 


Lysimeters and potometers were maintained during August 
and early September of 1974 and 1975. Frequent precipitation 
and ground-level clouds (fog) resulted in saturation of the 
Standing dead of Cassiope shoots and invalidated many 
readings. Reported values are for simultaneous measurements 
of water loss from lysimeters and potometers taken over 4-10 
h midday periods on five dates between 17 August and 3 
September, 1974. Plants had reached the end of the growth 
period and rates of water loss were probably below mid 
summer levels but higher than in late fall. 

Transpiration rates of C. mertensiana and C. tetragona 
measured by lysimeters and potometers (ca. 0.20-0.25 g H,0¢eg 
dry weight~'eh~') were noe Significantly different (Table 
18). Mean daily rates tended to be slightly higher in C. 
mertensiana than in C. tetragona, and maximum daily rates 
were higher. No significant differences were found due to 
either Site or microsite placement. Measurement were 
conducted on days with variable microclimatic conditions. No 
correlation was found with either mean temperature, mean 
VPD, total irradiance, or mean wind speed at 15 cm height 


(top of plant canopy) over the daily measurement periods. 
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Table 18. Rates of water loss from Cassiope lysimeters and 
potometers in late summer, 1974. Values are g 
H,0¢g dry weight green shoots~‘eh-'. 
CI.95 are indicated. 
Mean Daily Maximum Daily 
oct aa se ES at eS, Ns ee ee aaa 
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Vapor Pressure Deficit and Leaf Resistance 

The stomata of both species showed a normal light-dark 
response indicating that PhAR was sufficient to cause 
Stomatal opening. Transpiration rates tended to decrease 
gradually over time, similar to that which occurred in 
potometers used to study cavitation (Fig. 45). Thus, data 
reported are, for initial light period readings or from 
Shoots with similar initial and final rates. 

The effects of VPD on R, and transpiration are shown in 
Pig. 35. In both species; R, increased with increasing VPD. 
A boundary line fitted after Webb (1972) suggests that 
increasing VPD causes a greater increase in R inC. 
mMertensiana. Transpiration rates of both species also 
increased with increasing VPD. This suggests that the 
increase in R may have resulted from changes in bulk leaf 
water status rather than a direct effect of VPD upon 
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Figure 35. The effects of vapor pressure deficit (VPD) upon 
transpiration rate and leaf resistance (R,) of 
C. mertensiana (0) and C. tetragona (Q). 
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content. would have helped to clarify this response. 

The minimum leaf resistances measured by this technique 
were 7-9 cm/s for both species. Subsequent use of a 
diffusive resistance porometer on intact plants indicated 
that mimimum leaf resistances are more likely in the range 
eee -2 cm/s for both species. The latter are more realistic 
and agree with values reported for C. Reneenesana (Edwards 
1980) and C. tetragona (Oberbauer and Miller 1981) using a 
null balance diffusion porometer. Thus, the values reported 
in Fig. 35 should be considered as relative rather than 
absolute. However, the stomatal closure of Cassiope in 
response to VPD appears correct and is Similar to the 
response of many species (Johnson and Caldwell 1976, Hall et 
ue. 1976; Sheriff 1977). 
Hofler Diagrams 

The relationship between bulk leaf water potential and 
tissue hydration of Cassiope grown in the greenhouse under 
Summer conditions is shown in Fig. 36. Old and current 
leaves of C. mertensiana and old leaves of C. tetragona 
Showed similar declines inW, with reductions in R. Leaf. 
water potentials at R = 1.0 were ca. -0.75 MPa, and declined 


to -3.75 to -4.25 MPa at R = 0.5. The slope of the line for 


Current leaves of flowering C. tetragona shoots was 


Significantly different (P<0.05). Leaf water potentials at R 


= 1.0 were >-0.5 MPa and declined to only ca. -1.5 MPa at R 


0.5. Water content at full turgidity also varied with 


nts (fresh weight as 


Species and leaf age. Mean water conte 
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CURRENT LEAVES FLOWERING SHOOTS 


C. tetragona 
° 
436 
¥ = -8.77 + 1.37Inx 


C. mertensiana 
a 
Y = -40.99 + 7.16Inx 


r?=0.72 


o Y= -7.46 + 6.73x 


r*= 0.71 


150 200 250 300 350 
WATER CONTENT (%) 


OLDER LEAVES LATE SUMMER SHOOTS 


C. mertensiana 


0 0 
=-1.0 -1.0 
C. tetragona g 
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_-2.0 % = -6.93 + os _-2.0 
a] a] 
a. Peoes 868 a. 
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=3.0 -3.0 
> > é C. tetragona 
o C- mertensiana ¥ = -45.27 + 8.13inx 
4.0 -4.0 
¥= -7.89 + 7.47x r= 0.81 
r*= 0.88 
-5.0 -5.0 
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Figure 36. Relationship between bulk leaf water potential, relative 
water content (R), and water content (fresh weight as per 


cent of dry weight) of current leaves of flowering shoots 
and older leaves of late summer shoots of ©. mertensiana 


(0) and C. tetragona (@). 
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per cent of dry weight + CI.95) of old and current leaves of 
C. mertensiana and old leaves of C. tetragona at R = 1.0 
were 226 + 5%, 265 + 20%, and 236 + 6%, respectively. 
Current leaves of flowering C. tetragona shoots had 
Significantly greater water contents at maximum hydration 
(394 + 48%). 

The extremely high and variable water contents of 
current leaves of flowering C. tetragona shoots at R = 1.0 
Suggest problems in defining maximum hydration in this 
tissue. Furthermore, tis meaning of full turgor (and thus R) 


iS open to question sifeel/ can never equal zero because 


L 
W 7 is always negative. Acock (1975) discusses the use of 
R aS a meaSure of tissue hydration and states it is valid 
relative to some level of maximum hydration (full turgor) 
that depends on the measurement method. Boyer (1968) noted 
that water contents continued to increase atterW, had 
Stabilized as leaf tissues were hydrated. Slavik (1974) also 
Suggests that errors may result in R measurements due to the 
Supersaturation of tissues. However, the method used to 
determine R in the current study was shown by Bannister 
(1964) to give satisfactory results with other heath 
Species. Therefore, the higher water contents measured at 
high hydration levels in current leaves of C. tetragona 
compared to the other leaf tissues probably reflect 
differences in either leaf tissue characteristics or the 


resistance to water movement between the stem xylem and 


leaves. It is doubtful that this represents Simply an 
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artifact of the technique since all tissues received similar 
treatment and the hydration of current leaves occurred while 
attached to shoots. 

The slope of the line relating the corresponding 
reductions inW, to R, i.e. the moisture release curve, has 
been shown to vary with species, tissue age, and the 
pretreatment stress history of the plant. However, this 
relationship is generally regarded as an indication of the 
drought resistance of the species. Drought-resistant species 
have steeper slopes, i.e. show a greater reduction inW 
with water loss, than drought-intolerant species. Using this 
Criteria, old and current leaves of C. tetragona are more 
drought resistant than current leaves of C. tetragona. 
However, both C. mertensiana and C. tetragona are 
intermediate in drought tolerance when compared to a wide 
range of taxa (see Maxwell and Redmann 1978). 

The Hofler diagrams (Fig. 37) show the partitioning of 
component potentials with changes in R. The bulk tissue 
component potentials as measured with thermocouple 
psychrometers on tissue with Pyecur ed cells do not 
accurately reflect conditions in the living cells due to the 
dilution of symplastic water with apoplastic water. Data 
analyses using the model of Acock (1975) indicate that the 
apoplastic solution fraction of water in Cassiope is high 
and intracellular component potentials differ considerably 
from bulk tissue component potentials. However, the 


estimates of intracellular component potentials are also 
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Figure 37. Hofler diagrams showing the relationship between relative 


water content (R) and the various tissue water potentials 
of current leaves of flowering shoots and older leaves of 


late summer shoots of C. mertensiana and C. 


tetragona. 


Solid and dashed lines represent bulk tissue potentials 
and intracellular potentials (after Acock 1975), 


respectively. 
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subject to question (note the reversed slope of the 
regression line of intracellular YW, for current leaves of 
C. tetragona). The variability of the original psychrometric 
data 1s compounded by errors that accumulate in subsequent 
model calculations, particularly in the estimates of 
matrix-bound water content and the apoplastic solution 
fraction of water at zero turgor. The intracellular 
component potentials, while physiologically more meaningful, 
are probably not as reliable for comparison purposes in this 
instance. Thus, the data will be discussed primarily in 
terms of the bulk tissue component potentials. 

Estimates of maximum atep at R= 1.0 obtained from 
exponential regression lines for current and old leaves of 
C. tetragona and current and old leaves of C. mertensiana 
were)-1.00,.-1.57,.-1451,.and -1.26.MPa,.respectively..These 
are comparable with the maximum summer values obtained in 
the field studies. Estimates of maximum Wp ate Raza 16 05f0r 
the same tissues were 0.52, 0.95, 0.98, and 0.70 MPa, 
respectively. Actual measured maximum Wp obtained at high R 
were slightly higher, ca. 1.0 MPa for current and old leaves 
of C. mertensiana and old leaves of C. tetragona, and ca. 
0.75 MPa for current leaves of C. tetragona. The latter 
values are also comparable with the maximum summer values 
Obtained in the field. 

Current and old leaves of C. mertensiana and old leaves 
of C. tetragona showed a relatively rapid decline in Worse 


and a concomitant decline inWp with water loss. Regression. 


amt 


sit to sqole beatave? si? -esou), aotseeup! Ot, 


S133 203 


loa vitesitigge 


TY ni soitszeb Sige. laviselss: 6ealadh 


Te, A 


| feusiini to ont 
cay TSivlivaas2at Jo enth 


~220L 1édaw eee 


sds to vaifLidalsev en? «{ 
"on 2623 stovie a bebnvogmta 

yivelooijreaqd «enoise 
siz bos Jnasned IesEw sori 


> 


ae 
cox 16 21438W 202 


4 fesei3at egT . Oe nes 
/ > * 
a0 ipoloiaytq siian. 616i t2nezeg. 
Jey y ang qmo> 341, sideiies 64 Fon vided 
eniac beesupal’ sd Iliv.e2sb od2-,200T 99 
e = a 
elaisnejea fosnoqmen evaeris salud eng 
si zac ‘kh Jie mY qumixam Jo. as deme: 
r+? 4 
‘ eric 4 , potzs nanernert fal 
 .9 te aeverl Blo Ons JinoxvibS Das Spe 
| t = : 
a sjeo2 (SMM BS.1- fas -—4¢.7- t= (00.99 
ovis tame wuaicam odd Shiv sldaze : 
| rr A 
A tte ounixet S¢ gertachijes .pelbuse Be 
7 < 
..0 Susp .88,.0 .88.8 88.0 stew eeuveeso 2 
oe - 
vi mnestdo py MMi Lay Bewsaeem Laudah PN ae 
25 > bos aAstds cro? SIM OL «do ptedpid uiigttnd 
5) bns ,sqopb2iS3 29 26 eaves! ble bre. sosienessgalial 
sitel si? .BOOpsi 73s .2.20 26¥ags. FASTIN: 10% 6M a 
| | om al 
eulsy s9mmus mmixéem edz ddte- ot Wesagugs ovis. o78. es 
a 
| «biota Sid nt b 
ee e o 
25V.eaal Hlo.bAs SRE CRE FE solids ate . sn, 
S22 +32: 29 


S 
— oa ’ . . - mi 


> a 


Real 


line estimates of zero turgor were at R values of 0.77, 
0.71, and 0.73 in these tissues, respectively. Estimates of 
Yaa for these respective tissues and R values were ~-2.26, 
-2.38 and -2.35 MPa. Current leaves of C. tetragona showed a 
more gradual decline in Wa, 2) and Y, with water loss. Zero 
turgor was reached at R = 0.47 MPa and W4q= -1.49 MPa. 

Zero turgor in C. mertensiana at Seki) Vase Ban ids 
was measured in the field studies. Field measurements of C. 
tetragona indicated a maintenance of positive turgor at much 
Bree Wie resides than these laboratory results. This may 
reflect different growing conditions or osmotic adjustment 
in response to stress. Laboratory plants were subjected to 
uniform conditions and no water stress. Field plants were 
exposed to more variable conditions and some water stress 
may have occurred even though measured soil water potentials 
were seasonally high. Osmotic adjustment has been shown to 
occur in other species in response to water stress (Jones 
and Turner 1978). 

Negative turgor potentials were measured in both the 
laboratory and field studies, but whether this is a real 
phenomenon or simply a technique artifact is unclear. 
Negative turgor has been reported for a wide range of 
species (Kreeb 1963, Johnson and Caldwell 1976, Wilkinson 
1977, Maxwell and Redmann 1978) but theoretical models are 
in disagreement over its possible existence (Warren Wilson 
1967; Noy-Meir and Ginzburg 1967, 1969; Acock 1975; Tyree 
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Estimated values of the matrix-bound water content, 
expressed as a decimal part of the tissue water content at 
Full. turgor,, are 0.24-0.26 for.C. tetragona and. 0.43-0.44 
for C. mertensiana. Since most of the matrix-bound water in 
tissues probably occurs in the cell walls (Boyer 1967), this 
suggests that C. mertensiana has a higher proportion of 
ee nctural tissue (i.e. greater sclerophylly) than C. 
tetragona. Acock (1975) suggests that this matrix-bound 
water, which constitutes the major part of the cell wall 
water, 1S not available to buffer cells against water loss. 
The elastic properties of cell walls are largely responsible 
for the partitioning of component potentials with changes in 
R. Cells with more elastic walls tend to decrease in volume 
and maintain relatively constant W, over a wide range of R 
but with a concomitant large decrease aan oe Cells with 
more rigid walls tend to decrease less in volume and show a 
large decrease inW, while (2 aaa relatively constant. 
Walter (1931) referred to plants with elastic cell walls as 
hydrolabile (i.e. turgor stable) and plants with rigid cell 
walls as hydrostabile. 

Estimates of cell wall elasticity (&) were obtained 
from the change inW, relative to the change in R between 
full turgor and zero turgor from the regression lines in 
Fig. 37. The calculated value from bulk tissue Wp for 
Current leaves of C. tetragona was 0.98 MPa. Calculated 
values for old leaves of C. tetragona and current and old 


leaves of C. mertensiana were 3.52, 4.26, and 2.41 MPa, 
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respectively. Although greater errors are involved in 
estimates from intracellular Wp , the results are 
theoretically more correct. The calculated values from 
intracellular Wp were 3.43 MPa for current leaves of C. 
tetragona and 6.15-6.50 MPa for the other tissues. Current 
leaves of C. tetragona have cells with relatively elastic 
walls and are hydrolabile, whereas the other leaves have 
cells with relatively rigid walls and are hydrostabile. 
Winter Water Relations 

Water contents, water potentials, component potentials, 
and xylem pressure potentials were measured in Cassiope at 
Sates 1 and,2 and at the Dryas. transplant’ microsite in late 
winter, 1974-75, and in late fall and early winter, 1975. 
Microsites were selected to examine the affect of exposure 
versus winter snow cover on the water status of Cassiope 
through the winter. 

Water contents measured on 28 September, 1975, were 
Similar in both species at all microsites (230-240%, fresh 
weight as per cent of dry weight), and differed little from 
Summer values (Table 19). Leaf water potentials were high 
(>-0.9 MPa) and p was high (>0.9 MPa). By 2 November, 1975, 
Snow had accumulated in most microsites. Plants buried 
beneath the snow had similar or higher leaf hydration than 
in September, but C. tetragona tended to have lower water 
contents than C. mertensiana. Cassiope tetragona at exposed 
microsites had significantly lower water contents than snow 


covered plants. The presence of only 2 cm snow above shoots — 
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of C. tetragona in the Dryas transplant microsite helped 
maintain higher water contents. Xylem pressure potentials 
were <-6.5 MPa in plants of both species at all microsites. 

By 22 November, 1975, water contents had declined in 
both species at all microsites. Cassiope tetragona again 
tended to have lower water contents than C. mertensiana in 
snow covered microsites, although differences were generally 
not significant. Snow covered plants had high Y, CS0E550£0 
en e63 -MPa) and Wp (1.21 to 2.87 MPa), and lewWAL e249 to 
-4,84 MPa). Xylem pressure potentials were variable and 
generally lower thanW, . Cassiope tetragona in exposed 
microsites had significantly lower water contents (169-179%) 
and Wypp(-3-73 to -4,85 MPa) than snow covered plants. 

The Gaka from 24 April, 1975, show the water status of 
Cassiope in late winter after a fall and early winter of 
desiccating conditions in exposed microsites. These results 
are from a different winter season than that reported above, 
and should not be considered as following in sequence. 

Water contents of C. mertensiana were high (232-254%) 
at microsites with deep snow cover, pur, was low (-3.04 
MPa) and xpp was extremely Variable’ (=0056 to -578°MPa); 
Cassiope tetragona had lower water contents than C. 
mertensiana at all microsites. Tissue hydration of C. 
tetragona was inversely related to snow cover, andW, and 
Ve pp were low at all microsites. Exposed plants of C. 
tetragona had low water contents (161-173%) and were 


severely dehydrated. Exposed shoots of both species at the 
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Dryas transplant microsite had very low water contents 
(138-142%) and appeared dead. Living shoots that were 
protected by only about 2 cm of snow had water contents 
higher than exposed shoots but lower than those at moderate 
to deep snow microsites. 

The water relations of Cassiope are highly influenced 
by winter snow cover. Early snow cover permits the 
maintenance of high leaf hydration in both C. mertensiana 
and C. tetragona in their normal habitats, but all 
parameters tend to decline in both species through the 
winter. Cassiope mertensiana is covered by early and deep 
snow and does not normally experience dehydration. Cassiope 
tetragona is found in microsites of more variable snow 
cover, and tissue dehydration is directly related to 
exposure. Severe deSiccation damage to C. tetragona in 
exposed micrasites was noted on 24 April, 1975, (see 
Transplant Section) when water contents were 160-170%. 
Exposed shoots of both species were killed when water 
contents fell to ca. 140%. Shoots of C. mertensiana covered 
by about 2 cm of snow at the Dryas transplant microsite had 
high water contents (204%). The maintenance of higher water 
contents in C. mertensiana than in C. tetragona appears 
related to differences in both microsite conditions (normal 
habitats) and the physiology of the species. Reduced levels 
of hydration in C. tetragona may give it more tolerance to 
dehydration or low temperatures. The severe desiccation 


damage to protected shoots of C. mertensiana in the Dryas 
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transplant microsite (see Transplant Section) suggests that 
C. mertensiana may be unable to tolerate dehydration to the 
Same level as C. tetragona. The results also suggest that 
tissue damage to C. mertensiana described as due to 
desiccation may, in part, be due to low temperature injury 
and low temperature-induced dehydration. 
Transplants | 

Transplants in the exposed Dryas and C. tetragona 
microsites were examined throughout the fall and early 
winter, 1974. By late December, plants appeared dehydrated 
and showed a slight browning of exposed leaves. Potentially 
desiccating conditions existed in early winter with 
temperatures above normal and a light snow cover. The 
minimum temperature to which plants were exposed was -17°C. 
By late April, 1975, most exposed plants showed severe 
injury. Exposed shoots, particularly those of C. 
mertensSiana, were bright red in color, and damage appeared 
Similar to that in cold hardiness tests (Figs. 38 and 39). 
Plants had been exposed to below-normal temperatures in 
January (to -33°C), and low temperature injury may have 
occurred. The exact timing of the stressful period was 
difficult to determine and the appearance of tissue damage 
may have been delayed. 

Micro-patterns of Snow accumulation around plant clumps 
indicated that exposure to desiccating conditions was the 
primary cause of injury to C. tetragona. Shoots covered by 


only 2-3 cm of snow were not insulated from low 
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Figure 38. The Dryas (a) and C, tetragona (b) transplant microsites. 
‘The red coloration of C. mertensiana plants (Cm) is laraely 


due to severe desiccation the preceeding winter. Photographs 
taken in August, 1975. 
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Figure 39. Close up of C. mertensiana (a) and C. tetragona (b) plants 
in the Dryas transplant microsite, Desiccation injury to 
C. mertensiana was extensive. Injury to C. tetragona was 
largely confined to the top, canopy shoots that projected 
above the snowpack. Photographs taken in August, 1975. 
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temperatures, but were protected from desiccating conditions 
and showed reduced levels of injury. Damage to C. 
mertensiana was more extensive. Although tissue damage was 
broadly correlated with the relative exposure of shoots, 
protected shoots also showed extensive damage. The timing 
and physical appearance of injury in C. mertensiana suggests 
the involvement of low temperature injury and low 
temperature-induced dehydration. 

Desiccation injury to C. mertensiana was significantly 
greater (at P<0.01) than to C. tetragona in the Dryas and C. 
tetragona transplant microsites (Fig. 40). In the Dryas 
transplant microsite, nearly 100% of the shoots of C. 
mertenSiana were killed while 25% of the shoots of C. 
tetragona showed slight or no damage. Injury to both species 
was less in the C. tetragona transplant microsite. In C. 
mertensiana, 40% of the shoots were killed and 47% showed 
slight or no damage. In C. tetragona, only 1% of the shoots 
were killed and 90% showed slight or no damage. Injury to 
both species was minor in the C. mertensiana transplant 
microsite, and 99% of the shoots of both species showed 
slight or no damage. No injury occurred in the Carex 
nigricans transplant microsite. Shoots of both species that 
Sustained the greatest damage were located on the windward 
side of the plant clumps and at the tops of the canopy ,about 
2-3 cm above shoots that displayed slight or no damage. 


Desiccation injury to plants along the transects at 


Sites 1 and 2 was directly related to the relative exposure © 


oe] A 7m 


eno is cha snitevsteeb mors Sst 203039 gi9” tud ,2 2s1u; 
> of epamed .ysutas io -elavel bsaubs? bat 
suHazcy ApuoagsAéA « aviansies Ss t00 B86W net 
tO StisogKxe ovtsdeus ed? djiu bevale: 7 


.spamsb evienstue Dewods oats ezvode 


alisF SH at gavetat to cone 69Qqs tat 
bis ywrethii sir sheivncatand ‘vol 70 snamev se 
ag boiebenes be svbini-siw 
1¢2 24w sasloeataey 2:02 Ysucas notteook i 


10 sid al snousiste> vO OF 4t6R9 ('0,0°9 +6) 4 
EROS. an 
aia mt . (GS .pia) eerbegoroth treigensz? 
ste of} %o WOOT viegen \etieorsim tne 
g¢é6oda old to F328 ali bollan — Se. 
1siseqe ajo oF yAlien? .<pemeB on to spite Bewetae 
| | . 
oim snalqanss? aagpssjss .3 en2 ai 
bas ballin gaan edegde edz ic woe ‘ nal 
< va 
to fr yino .sr@garies .9 nl Vepeneb on eG 
ical .speieboof 1 Delle: kswore soe Ses; selil 
. | rn a 
(qensyd Stisiensyzem »D edd ni zenim een zeit 


bswode esinssde nied 30 stooge oft to Fee bas asia 2 


AS tH siv\nt pexsdose vipni of weil on te 


tedi esinsae diod Yc aseode)..shisctcim selena: al aul 
HSrswoniw siz Ao bezspot S186 \ebiaailet eden hk ontt beaks 


iuoda, yqonsa edd, Xo aa efi 3s be wom sale ots we 


spsmebd, on 30 Fait, A ae sects ascot vod a 


; 7 aan : 7s ” —eP ab 
$5849 seney sit ene 0B Ly od yautad ed ral oe 7 
4 . : vi 7 e : hey 4 a - fe ow ib 
ssusegxe aviseley, eds Er ‘Be: schb saw bie, 1 8 
—_ ix oe - 


197 


Exposed Protected 
little snow deep snow 
Transplant 
community __Oryas_ C.tetragona C.mertensiana — Carex nigricans 
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1 : No injury 
2: Slight injury,browning of apical leaves 
3 Moderate injury,leaves on one side of stem brown 
4 : Severe injury,all leaves brown except protected buds and apices 
5 Tissue completely dead 


Figure 40. Percentage of shoots of transplants showing varying 
degrees of winter desiccation (1974-75). The T-test 


(paired data, n = 6) was performed on the mean 


differences of categories 1 - 3. 
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of the microsites (Fig. 41). Cassiope mertensiana at Site 1 
showed slight injury at the more exposed end of the 
community. At Site 2, all C. mertensiana microsites were 
very protected and no injury occurred. Cassiope mertensiana 
is found naturally only in very protected microtopographic 
areas that accumulate early and deep snow and plants are 
thus not normally subjected to desiccating conditions. 
Cassiope tetragona showed greater desiccation injury at both 
Sites and all microsites due to the greater exposure of 
these areas. In the C. tetragona community ca. 80 m along 
the transect at Site 2, 8% of the shoots showed moderate to 
Severe damage. This indicates that desiccating conditions 
existed in early winter before deep snow accumulated at this 
microsite. Desiccation injury to C. mertensiana and C. 
tetragona in their natural habitats did not differ 
Significantly from the transplants in the same general 
locations. 

The survival of the transplants was measured four years 
after transplanting (Fig. 42). Shoots that were red in color 
after the first winter had long since turned grey and 
considerable wind erosion of the plant clumps had occurred 
in the Dryas transplant microsite. Shoot mortality was 


greater after four years than after one winter at all 


showed significantly greater 


microsites. Cassiope tetragona 


Survival’ (at P<0.01) in the Dryas transplant microsite, but 


C. mertensiana showed significantly greater survival in both 


the C. mertensiana and Carex nigricans transplant 
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Figure 41. Percentage of shoots of plants along the branseaty, vt Sites 
1 and 2 showing varying degrees of winter desicca BP 
(1974-75). See Fig. 40 for injury scale and Figs. 


and 11 for topographic profiles. 
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Figure 42. Percentage of shoots of transplants showing varying degrees 


of vitality in 1978, four years after transplanting. The 
T-test (paired data, n = 6) was performed on the mean 
differences of categories | - 3. 
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microsites. The mortality of shoots (particularlyac. 
mertensiana) in the Dryas and C. tetragona transplant 
microsites was directly related to the desiccation that 
occurred during the 1974-75 winter (see Fig. 40). The 
mortality of shoots in the C. mertensiana and Carex 
nigricans transplant microsites was not related to 
Mieaccatiion, but rather the ability of the plants to survive 
in these late snow release microsites. However, the 
avoidable root pruning of transplants that occurred at the 
time of establishment may have reduced plant vigor or 
"competitive ability” in the subsequent years. 
Laboratory Simulation of Winter Desiccation 

Simulated desiccation resulted in a very rapid loss of 


water and decline inW and W, in both species (Fig. 43). 


E 
The rate of decline of WY tended to be greater in C. 
mertensiana although differences were not significant due to 
small sample size. Day 3 values are estimates due to the 
inaccuracy of psychrometric determinations at these low 
values; Wp probably dropped to 0 MPa before day 3. Water 
content of C. mertensiana was initially lower than C. 
tetragona (but not significant) and showed a more rapid rate 


of decline up to day 3. Water content of C. mertensiana was 


Significantly lower than C. tetragona between days 3 and 6. 


Experimental results between days 3 and 6 approximated the 
minimum) and water contents measured in the field for 


exposed shoots (Table 19). Cut shoots sampled on day 4 and 


transferred to sand cultures failed to survive as did 


= 
Bs 


ros 7 ‘ 
4. _ a OY 
mo, 
wo. 
> yfvelwoizieq) afootia ta yilisssom ot, a 
siqaneit snopezzey «>.bns ssyid edd. nk (si 
-? 
a 
rsonteeb add oF beisis: yljse115 eaw 
(Ob .84 eee) Jegotiv av-eret ofty onizuel 
torte) BAB SHStSneTIOM .« , orig ni exoode to 
SotalS® aon eaw getizoisio snpigannat 
s+ agante eft Yo yyilid@veds sverzer Jue 5 e i? 
/ 7 > 
at ,tevevoH .fe7 220708 saselet wone siel's 
Jox0 satis sfoeloensid Yo phinusag J0o7 Sig 
iopiv saoelq besvbst sven te tnonta lide I 
.226S8y Insupessve #3 at ysilids vty. 
“oiteoolesd zs39iW Jo notjslumig 
se grav 6 fh betluwer agictesstesb 
eatseogr fead we oY ons Na adiioe® & 
1m: Teyvesue od 2 osbass NY 30 eniioes o sg 
J _ i 
of sub sissiilepim 200. spew eepneret Tih fouodsis sal 


ie 
aij et sab getatitggs E76 esulsy a yea ase Ar nee | 
Ss yo 


so1\2 Je ehosrpaigzeteb oisjsmosdoyeq 26 set 


~ j 


a 


isic6W ,& yeb syoied e8M O07 Seagoth udadore ig 2 
.2 aeds sewel vyilelaaqh Gas spaiasotzemo+, ite we 


salle 
efe1 bics: i380 s ‘bsworle bne (daxpittapia jon gut) HOE 


6 
o& 

» 
ti) 


7 


a5v otisienetie® .3 to jng¢non Tersm a we quent. $0 
<8 Boe & evsb csevted siopemzies 2D mada aewol ylanaol?, 
of3 Getamixoigas 4 boa € aye naewsed ase y Satin ae 
20% 6$s97 ode oP be bn 

b rename ngeneinn aie a 

bne & yeb ov Sofgmee eoppde Geo teh etait he 


- - Brae 
_ ; bib 8 osvivive tu bet 3 


in a ta ve, . 
> — lair a alam 
4) + |} se ae , ve Ms” a 


WATER CONTENT (%) 


260 


220 


180 


140 


100 


DAY 


Figure 43. The decline of water content (fresh weight as per cent 
of dry weight), YW, , and Wp in C. mertensiana and 
C. tetragona exposed to simulated winter desiccation. 
C1.95 are indicated; est. = estimated. 
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severely dehydrated intact shoots on field plants. The 
Simulated conditions (temperature and VPD) were more 
rigorous than occurred during mid winter in the Fier dyer but 
did approximate that which could occur during early and late 
winter. The results indicate that severe dehydration occurs 
in both species when exposed to intense and prolonged 
periods of desiccating conditions. The results also suggest 


that dehydration occurs more rapidly in C. mertensiana than 


in C. tetragona. 
Dehydration Injury of Cut Shoots 


Species differences in observable injury at various 
dehydration levels were not pronounced (Fig. 44). Minor 
injury to summer C. tetragona shoots was observed at R<0.5 
and water contents <200%. Minor injury to C. mertensiana was 
not clearly distinguishable. Severe injury to both species 
was observed at R<0.35 and water contents <150 -160%. Winter 
shoots of both species were able to tolerate lower hydration 
levels. Minor injury to both species was observed at R<0.5 
and water contents <160%. Severe injury was observed in one 


C. mertensiana shoot at R=0.24 and a water content of 130%. 


No severe injury to C. tetragona was observed at the 


hydration levels tested. 


The data are inconclusive in separating the relative 


dehydration tolerance of C. tetragona and C. mertensiana. 


Observable injury after only 24 h rehydration may not 


reflect survival. Injury after only 6-12 h of deydration may 


be less severe than after prolonged exposure to low 
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SUMMER SHOOTS 


280 vote 
® 
m= 240 
Z 
Bebe 
= 
ox Z 
© 200 
o 
i- "4 
= 
< 160 
> 
= 120 
ONE MINOR SEVERE NONE MINOR SEVERE 
WINTER SHOOTS 
280 
® 
= 240 ct gm 
bid $ , 
= 8 a 
a 
a © 200 oe 5” 
O oe 
4 8 
bb ° 5 
Fe 160 belted asl 
c4 ° es 
82 . i Gm 
12 
NONE MINOR SEVERE NONE MINOR SEVERE 


DEHYDRATION INJURY 


Minor injury = observable damage 
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Figure 44. Observable dehydration injury of summer and winter 
(Ct ©) and C. mertensiana (Cm Q) shoots as 


C. tetragona 
a function of water content (fresh weight as per cent of 
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hydration levels. Rates of dehydration to lethal limits may 
be more important to plant survival than absolute 
differences in tolerance of dehydration. However, these 
results are consistent with both the field studies (see 
Winter Water Relations Results) and the laboratory 
Simulation of winter desiccation. In the latter, severe 
injury to both species occurred after prolonged exposures to 
water contents ca. 140-160%. The minor injury observed in 
winter shoots of both species after short exposures to these 
hydration levels could result in severe injury after 
prolonged exposures. 
Cavitation in Frozen Stems 

Freezing of stem sections of Cassiope shoots in 
potometers increased the resistance of water movement 
through the stems after rewarming. This is evidence that 
freezing produced cavitation in the xylem sap. The 0-6 h 
water uptake rates of control and experimental shoots of 
both species were similar (Fig. 45). Rates decreased 
Significantly immediately after freezing of experimental 
shoots and remained low for the following 21 h. The 7-10 h 
post-freezing rates were 35% (C. mertensiana) and 47% (C. 


tetragona) of the non-frozen controls. The 14-21 h recovery 


rates were 57% (C. mertensiana) and 49% (C. tetragona) of 


the non-frozen controls. This was due to a gradual decrease 


in the uptake rates of the control shoots and not to an 


increase in the uptake rates of the experimental shoots. 
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C. mertensiana 


C. tetragona 
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Figure 45. Water uptake of Cassiope shoots in potometers as a function 


Uptake is expressed as per cent 
of initial 2 h rate. A 2 cm stem section of experimental 


shoots was frozen with dry ice for 15 min at ca. 6h. 
Values Bectcs are rates of water uptake (g H.0 « g fresh 
wht7 “T + CI1.95) for the time periods indicated, 


of time and cavitation. 


~*~ F 
rege VtS? 3 
- ane 
ae K. 
~ & 
—# OFF 


tok ie 


4 ; hw 
pes’ tea) @FGR2THO?D | 
ne Seeaye Was ar . Neer 
ot of a? 1 4 eC 


) wee 7 
“3s6n4% anareT 
| 
a 
int { 
a | 
7 i | 
q 
i ‘ 
Adi “ee 
_ 
ee we ’ = 
———_— é 
a. - - + 
rs ° 
‘(was4l1? 2av THSIWIASA ED | : 
he 
————EE et —— —~ = & 
ac 4 af tT f 6 as 
(Al Ter. 
\ 


HOTSARYT 6 26 2797 tenor og. nt 2.008 th et 
san 4 S50, 25 Deu S25 Bist cs ate S26" 7 a 


he 


«Tatra unt 3G 4.10 Hors" ss" he, 2 Ww ye 9 See a ah. steaks : 


—. ‘Delt a) Re lik Ss 


fa «fd 35 eh ay. fe : 


e: hae isi 


Boibyt r 2bOr tet 


207 


The in situ freezing of stem sections of Cassiope 
shoots on intact plants also indicated that freezing 
produced xylem sap cavitation. the Yop of pre-freezing and 
post-freezing controls of both species were similar (Table 
20). Experimental shoots that had been frozen had 
Significantly rower Wyn than control shoots. This is 
evidence that cavitation occurred, disrupting the xylem 


water column. The 1eeee W/ of cavitated shoots may be due 


XPp 
to a combination of the presence of gas bubbles in the 
xylary vessels and a water deficit imposed on the plant 
tissues above the frozen sections. 

The occurrence of cavitation has been reported in other 
heath species (Hammel 1967, Wilkinson 1977). Wilkinson 
(1977) found xpp to be erroneously low during the winter in 
Ledum groenlandicum and interpretated this as due to xylem 
Sap cavitation. Similar results were found in this study 
(Table 19). The Lown, measured in the field during the 
winter indicates that xylem sap cavitation frequently occurs 
in Cassiope. Thus, winter measurements of Wynn do not 
accurately reflectW, . Cassiope may be exposed to tissue 


water deficits during the winter as a result of xylem sap 


Cavitation. 
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Table 20. The f C. mertensiana and C. tetragona shoots before 
and after freezing in situ. A 2 cm stem section of experimental 
shoots was frozen with dry ice for 15 min and post-freezing 
readings taken at 22 h. CI.95 are indicated. The T-test was 


performed on post-freezing control and experimental data. 


Species Pre-freezina Post-freezing 
Time Oh Time + 22 h 
Gonitroll Control Experimental T value 
(Not Frozen) (Frozen) (Unpaired Data) 


C. mertensiana 


MPa -Omos + O.141 Ono seas O.. 14 Sots a MOP ts Ks} = yd Shs) 

XPpPp n = 10 n= 6 n=4 P<0.001 
W tetragona 

MPa OM Ont © 70S -0.93 + 0.06 =i Oe Oa 2o =, 8) XO) 

XPP n= -5 fale sks) ne=a P<O.001 
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V. DISCUSSION 
A. Microenvironments 

Cassiope mertensiana and C. tetragona experience 
seasonally different microenvironments at treeline in the 
Canadian Rocky Mountains. Their local distribution is 
directly related to microtopography which controls winter 
snow depth and which consequently influences both winter and 
summer conditions. While both species are chionophilic, 
their niche separation along gradients of winter snow cover 
and snow release can partially be explained by physiological 
differences in plant water relations and cold hardiness. 
These differences may also influence the overall geographic 
distribution of the species. 

Cassiope mertensiana is restricted to protected, 
leeward slopes below treeline or concave microsites in the 
low alpine zone. Late autumn and early winter snowfalls are 
redistributed by wind and accumulate differentially in these 
depressional areas. Plants are usually completely snow 
covered by mid to late October. Cassiope tetragona is found 
in more exposed convex to concave microsites where snow 
accumulations greater than plant canopy height (15 cm) are 
delayed 3-6 wk. Cassiope mertensiana is always covered by 
early winter snow but C. tetragona is never completely 


covered at this time. 
Low autumn snowfalls occur with a high frequency in the 


more continental regions of the Cordilleras such as Jasper 


National Park (Janz and Storr 1977). This results in great 
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year to year variability in the time of arrival of 
continuous snow cover and the air temperatures to which Ge 
tetragona plants are exposed in early winter. Plants of 
exposed microsites frequently experience either desiccating 
conditions or air temperatures <-25 to -30°C. The time of 
arrival of snow cover in C. mertensiana habitats is less 
variable and plants are rarely exposed to either desiccating 
conditions or to low air temperatures <-15 to -20°C. 

Total snow accumulation in C. mertensiana habitats is 
>1.5-2 m, >200% that in normal C. tetragona habitats. 
However, C. tetragona occasionally occurs in areas of deep 
snow cover, but such microsites are invariably downslope of 
large snow drifts and exposed in early winter. Winter 
temperatures are mild for snow covered plants of both 
Species. Beneath a deep snow cover, C. mertensiana shoots at 
+10 cm and roots at -10 cm experience minimum temperatures 
of about -2 to -4°C. Beneath a more shallow snow cover, C. 
tetragona plants experience minimum temperatures of about ~6 
mee BP Cx 

Snow depth in Cassiope habitats influences snow 
duration which in turn influences the summer conditions to 
which plants are exposed. Cassiope tetragona normally melts 
out in mid June. However, in years of light winter 
precipitation, shoots of plants in exposed microsites may 
project above the snow in May and be exposed to high 


temperatures and VPD's when soils are still frozen. Snow 


release of C. mertensiana habitats usually occurs in early 
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July, about 3 wk after C. tetragona habitats are snow free. 
The start of snow release in C. mertensiana habitats is less 
variable due to consistantly greater snow accumulations, but 
it may extend longer for the same reason. 

Soil temperatures in habitats of both species rise to 
near 0°C at least one month prior to snow release and some 
water uptake may occur in snow covered plants. However, 
after snow release of C. tetragona habitats in mid June, low 
soil temperatures (<2°C) persist due to the percolation of 
melt waters. Although air temperatures during this period 
are generally low because the melting snow serves as a heat 
Sink, C. tetragona may be exposed to air temperatures >15°C 
and VPD's >1.0 kPa while water uptake is limited by low soil 
temperatures. Melt out of C. mertensiana habitats in early 
July coincides with the period of maximum temperatures (X 
Bea@uyecaat10°C) and radiation. (X*daily*ca: 18559-2123 
MJem-?ed-'), Soil temperatures rise rapidly after snow 
release in C. mertensiana habitats and the rise is 
“synchronous in C. tetragona habitats. Maximum soil 
temperatures occur in July but are high throughout the 


growth period of July and August. Maximum soil temperatures 


are higher in C. tetragona habitats (cas 16-20°C tate 0rcmoand 


. . o 
6-8°C at -10 cm) than in C. mertensiana habitats Cea worse 


at 0 cm and 5-6°C at -10 cm). The lower soil temperatures in 


C. mertensiana habitats are due to less exposure to direct 
radiation (microtopographic depressions) and the insulating 


° e ° l 
effects of greater plant cover, soil moisture, and sol 
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organic matter. 

The late snow release of Cassiope habitats delays the 
summer decline in soil moisture. In 1975, summer 
precipitation was near normal and mean soil water potentials 
at all microsites and depths were >-0.03 MPa and no values 
were recorded <1.50 MPa. Soil moisture tended to be slightly 
higher in C. mertensiana habitats. Drier soils were noted in 
years of below-normal precipitation (1973 and 1974) but 
Quantitative data were lacking. Late season soil moisture 
Stress may occur in Cassiope habitats in dry years. However, 
the later snow release of C. mertensiana habitats compared 
to more exposed microsites, provides a more favorable summer 
Soil moisture regime and reduces the potential of 
late-Sseason stress. 

Soil moisture depletion is retarded by frequent summer 
precipitation (1 day in 3). Although great variability was 
noted in total monthly precipitation (<20 mm to 107 mm) 
during the study years, dry periods longer than ten days 
were rare. Summer snowfalls (17% of summer precipitation) 
are differentially deposited in C. mertensiana depressional 
areas and may retard soil moisture depletion in such 
Microsites. 


Cassiope plants are exposed to daily air temperatures 


ca. 5-15°C during July and August. The absolute temperature 
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daily temperatures tended to be slightly higher and maximum 
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elevation Site. Temperatures within plant Canopies can be 
several degrees above ambient on calm, Sunny days. However, 
plant canopy temperature differences between adjacent (e 
mertenSiana and C. tetragona microsites are small. While Cc. 
tetragona microsites are exposed to more direct radiation, 
this results primarily in greater soil heat flux. Higher 
windspeeds within the more open plant canopy of an tetragona 
result in greater air mixing and reduce canopy temperatures. 
Thus, temperatures are frequently slightly higher within the 
canopy of C. mertensiana. 

Leaf temperatures up to 9°C above ambient air 
temperatures were measured in both species on sunny days. 
Leaf to air temperature differences were small on cloudy or 
windy days. Plants such as Cassiope that have erect branches 
and small, sessile leaves which are closely appressed to 
stems have a low boundary layer resistance and rapid 
convective heat loss (Gates and Papian 1971). This contrasts 
with mat-forming and cushion plants where leaf temperatures 
are frequently elevated 20°C or more above ambient (Courtin 
and Mayo 1975). 

The adaptive advantage of the canopy and leaf 


characteristics of Cassiope and other heath species is 


unclear. Yates (1981) compared the optical properties of 


heathland communities in Australia and found that short wave 


reflectivity (albedo) was less in small leaved species with 


low canopy heights and this led to an increase in the 


absorption of solar radiation by the plant canopy as a 
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whole. The more dense plant canopy of C. mertensiana may 
function optically as well as through wind attenuation in 
providing a more suitable thermal regime for photosynthesis 
and growth. This would be advantageous in microsites with a 
short growing season due to late snow release, but only if 
soil moisture was sufficient to reduce water stress. 
Radiational heaving of C. tetragona would be reduced by the 
more open plant canopy, but this may be partially offset by 
leaf coloration. Leaves of C. tetragona have greater 
pigmentation, i.e. are relatively darker, than C. 
mertensiana. This is important, at least during snow 
release, because it results in elevated leaf temperatures 
and local thawing around shoots. The spirally arranged 
leaves of both species may result in a greater efficiency of 
radiation absorption, particularly in northern latitudes 
with low sun angles. 

Vapor pressure deficits were frequently high during the 
Summer and were directly correlated with air temperature. 
Maximum VPD's were about 2.0 kPa during July and August and 


averaged 0.13 kPa higher at Site 1. Although VPD's within 


plant canopies tended to be lower than in the ambient air, 


actual vapor pressure gradients between leaves and the air 


probably exceed the reported values due to above ambient 


leaf temperatures. 


B. Plant Growth and Reproduction 


The variability of climatic conditions during the study 


years helped to more strictly delineate the range of 
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microenvironmental conditions possible in Cassiope habitats 
and the factors restricting plant growth and survival. The 
Cassiope communities studied represent stable populations 
that have integrated and adjusted to long-term climatic 
fluctuations. Plants are old (30-50 yr or more) and 
reproduce aggressively in their normal habitats by 
long-lived rhizomes or adventituous rooting from decumbent 
shoots. The local populations may even represent clones with 
a long history of vegetative reproduction. Patterns of plant 
growth, soil development beneath plant clumps, and buried 
stems and rhizomes indicate both species have persisted in 
their present positions along mesotopographic gradients for 
long periods of time. The slow growth rates and conservative 
reproductive strategies of Cassiope do not allow rapid 
expansion into new habitats during short intervals of 
ameliorated climatic conditions, with the possible exception 
of seedling establishment in newly exposed, mesic sites. 
Edwards (1980) noted similar patterns in C. 
mertensiana-Phyllodoce communities on Mount Rainier. The 
Mature phase of the heath communities was long lasting 
(7000-10,000 yr) and buried stems were estimated (C'‘) at 
>6000 yr old. Pollen analysis indicated that the communities 
have not extended beyond their present topographic or 
elevational positions. 


The present distributional patterns of C. mertensiana 


and C. tetragona are primarily dependent on the tolerances 


of mature plants rather than successful sexual reproduction. 
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For this reason, the latter was only cursorily examined. 
Both species flower abundantly and produce large quantities 
of small seeds which are readily wind dispersed into most 
habitats. Neither seed germination nor seedling 
establishment was observed for either species during this 
study. 

Seed germination rates of heath species are often 
variable and low (Nichols 1934, Bliss 1958, Karlin 1978). 
Bliss (1958) reported 52% germination of C. tetragona after 
26 d at 22°C in the light and no germination in the dark. 
Edwards (1980) reported 81% seed viability of C. 
mertenSiana, but only 28% germination after 27 d in the 
light and no germination in the dark. Cassiope seeds 
probably do not possess long-term viability due to their 
small size and limited food reserves. Seed germination rates 
of ericaceous species decline rapidly with age (Karlin 1978) 
and viable seeds are uncommon in soil seed banks (Johnson 
1975, Moore and Wein 1977). 

Cassiope seedlings are extremely small and low growth 
rates maintain the seedling size for several years. 
Seedlings are sensitive to soil moisture stress due to the 
shallow penetration of radicles into the sod ,.a Success ful 
seedling establishment would apparently require favorable 


environmental conditions over several years. Substrates, 


Soil moisture stress, and competition with vascular and moss 


Species were shown to limit seedling establishment ofrcy 


Mertensiana (Edwards 1980) and Ledum groenlandicum (Karlin 
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1978) in their natural habitats. Edwards (1980) observed 
successful seedling establishment of C. mertensiana on Mount 
Rainier only in open, stony habitats below large snowbanks. 
In the current study, small plants that had apparently 
established from seeds were observed colonizing new 
habitats, such as moraines or areas of late snow release, 
with reduced plant cover. All of these areas may have become 
open since the Neoglaciation due to climatic warming. Also, 
they all have abundant soil moisture at the surface and a 
low potential for seedling desiccation. The 
microenvironments and tolerances of seedlings are different 
from those of mature plants. 

Sexual and vegetative reproduction of Cassiope are also 
under different environmental constraints at the mature 
plant level. Reproductive development and flower production 
are not directly linked to shoot growth or leaf production. 
Phenological patterns in C. mertensiana and C. tetragona are 
basically similar but influenced by snow release. Flower 
buds and shoots of both species are quiescent during most of 
the winter beneath the snow. Flower bud expansion normally 


begins after snow release in C. tetragona but prior to 


release in C. mertensiana. The initial period of inactivity 


in C. tetragona may be related to the generally low air and 


soil temperatures following snow release. However, 


environmental cues may also be involved. The start of flower 


bud expansion in both species lags by ca. 6-8 wk the rise of 


temperatures to near O°C in the subnival plant environment. 
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This may initiate the translocation of substances involved 
in bud expansion. Peak flowering occurs earlier in ce 
tetragona (27-48 d after release) than in C. mertensiana 
(28-31 d after release), but flowering periods overlap. In 
both species, phenology is advanced in years or microsites 
of early snow release and delayed by late lying snow. Fruit 
maturation and seed production are reduced, especially @inect 
mertenSiana, in microsites of late snow release and 
flowering. 

Cassiope mertenSiana and C. tetragona have a 
conservative growth strategy and appear well adapted to 
habitats of intermediate snow release. However, the 
evergreen habit imposes certain limitations related to 
winter survival and summer carbon balance that may exclude 
them from the two ends of the exposure gradient. 

The evergreen habit of Cassiope differs in the manner 
of leaf maturation from that of many other evergreen heaths 
Or conifers. Leaf and shoot primordia of the latter are 
protected by buds during the winter, display a flush of 
growth during the spring and summer, and reach maturity in 
time to withstand the rigors of the ensuing winter. The 
effect of poor growth conditions on tissue maturation and 
bud development in evergreen conifers at treeline is well 
documented (Tranquillini 1979). Incomplete cuticular 


development on leaves or late terminal bud formation makes 


these tissues highly susceptible to winter injury due to low 


i roduces - 
temperatures or desiccation. In contrast, Cassiope p 
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no terminal buds, although the leaves which envelop the apex 
act as such (Bocher 1981). Leaf maturation occurs 
basipetally from the apex over a protracted period (Sgrensen 
1941). Leaves of both species are differentiated on the apex 
about 2 yr prior to expansion to full size. Growth during 
the summer involves the expansion to full size of a leaf 
set, the partial expansion of leaf primordia of the previous 
summer, and the differentiation of new primordia. Thus, 
environmental conditions over 3 yr influence subsequent 
growth increments. Leaves must overwinter in various states 
of maturity and the protection afforded by winter snow cover 
may be a requisite. 

Shoot growth is synchronous in both species, except 
where delayed by late snow release. Cassiope tetragona has a 
quiescent period following snow melt that does not appear 
controlled by canopy microenvironments. Rapid growth begins 
when soil temperatures rise above ca. 2-5°C in C. tetragona 
habitats and 0.5-1.5°C in C. mertensiana habitats. Most 
shoot elongation occurs over a 5-7 wk period in July and 
August and coincides with maximum seasonal temperatures and 
radiation. Growth rates are low but consistent during this 
period. Canopy shoots of both species elongate ca. 5.9 mm/yr 


(mean of all microsites and years) and produce ca. feteat 


pair/mm. Protected shoots frequently elongate >10 mm/yr. 


Shoot elongation ceases in late August and may be triggered 


by short days and fall hardening. Growth of C. mertensiana 


; lease or 
was reduced in microsites of early or late snow re 
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at higher elevations. Growth of C. tetragona was greater in 
microsites of early snow release. Growth of both Species was 
greater ina year (1975) of early snow release, high 
temperatures in July, and high soil moisture. 

Leaf longevity of Cassiope has functional importance 
related to summer carbon gains. Evergreen leaves are 
retained ca. 2-3 yr in C. tetragona and 5-7 yr in C. 
mertensiana in normal habitats. The greater proportion of 
photosynthetic tissue in C. mertensiana may give it a 
competitive advantage in areas with a shortened growing 
season. Leaf longevity is greater in both species in 
Microsites of later snow release. In the High Arctic, severe 
summer environments limit leaf production in C. tetragona to 
ca. 2 leaf pairs/yr, but this is compensated for by extended 


leaf longevity (ca. 5 yr) (Bliss et al. 1977). This 


Maintains a similar amount of photosynthetic tissue as 
measured in the current study, but leaf production and 
longevity differ considerably. 


C. Photosynthesis 


Among tundra species of different growth form, 
photosynthetic capacity appears to be inversely related to 
leaf longevity (Johnson and Tieszen 1976). Although 


imi iati interception 
evergreen dwarf shrubs maximize radiation int p 


during the growing season, CO, uptake and photosynthesis are 


often low (Hadley and Bliss 1964, Tieszen and Wieland 1975). 


This is in part due to leaf sclerophylly and increased leaf 


stress 
resistances which may be adaptions to moisture | 
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(Courtin and Mayo 1975). 

The slow growth of Cassiope is probably due to low 
photosynthetic rates. Johnson and Tieszen (1976) report the 
photosynthetic capacity of arctic (Alaska) C. tetragona as 
9-10 mg CO,°¢g dry wt-‘eh-' (at 15°C). This was 20-50% that 
of sympatric grasses and sedges, herbaceous forbs, and 
deciduous shrubs. The photosynthetic Capac i by Kontes 
mertensiana has not been reported but is probably 
comparable, i.e. low. The delayed growth of C. tetragona 
Suggests that early season carbon gains are allocated 
primarily to flower production, with later season gains 
going primarily to leaf production. Flowering and growth are 
meseesynchronous in*Csasmentensiana, The extended: leaf 
longevity may be a compensation necessary to allow greater 
Carbon gains during a shorter period. 

D. Water Relations 

Differences in the water relations of Cassiope suggest 
limitations to tissue survival and plant growth along the 
exposure gradient. Summer trends of midday, and ate are 
Similar in both species, rising from a low at snow release 


to mid summer maxima and declining rapidly in the fall. Leaf 


now release were ca. -2.0 to 
water potentials and ate 2 S 


moeouMPa and <=225 to =5.0 MPa, respectively. These low 


values do not necessarily indicate stress but rather reflect 


the overwinter storage of carbohydrates andebipids cimeokd 


leaves and stems (Hadley and Bliss 1964). A Similar pattern 


intain 
of storage occurs in non-heath species that ma 
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winter-green leaves (Bell and Bliss 1979), and contrasts 
with summer-green Species where the roots and rhizomes are 
the primary storage organs (Mooney and Billings 1960). Leaf 
water potentials and m+7 increased gradually after snow 
release as storage reserves were utilized in flower and leaf 
production; mid summer maxima were Ca. “065 "tou 1-0 Meaeand 
-1.0 to -1.5 MPa, respectively. Leaf water potentials were 
always much lower than soil water potentials, indicating a 
high resistance to water uptake by the roots. Cassiope 
tetragona maintained diurnally constant W, regardless of 
changes in Or environmental conditions. Cassiope 
mertensSiana frequently showed a midday reduction in YW, 


indicating water stress, even though soil moisture was high. 


These results are supported by other field and 


laboratory measurements which indicate that C. tetragona has 
a greater tolerance of water stress than C. mertensiana. 
Both species have high leaf resistances, in part due to the 
sclerophyllous leaves and stomatal location. The minimum 
Measured leaf resistances were ca. 7-9 s/cm (potometers) and 
1-2 s/cm (diffusive resistance porometer) for both species. 
The latter are comparable to values reported in other 
Studies using a null balance porometer; Edwards (1980) 


Measured 1.8 s/cm in C. mertensiana and Oberbauer and Miller 


(1981) measured 0.8 s/cm in C. tetragona. The stomata of 


both species are sensitive to levels of atmospheric moisture 


i D's cause an 
Stress that occur on warmer days. Increasing VPD's 


i h 
increase in the transpiration and leaf resistance of bot 
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species, but greater stomatal closure appears to occur in C, 
mertenSiana. The increase in leaf resistance is due in part 
to changes in bulk leaf water status. The frequent 
reductions of Wy (often to near zero) in C. mertensiana 
would indicate stomatal closure and restrictions on co, 
uptake and photosynthesis. 

Measurements of field transpiration indicate that water 
loss is low but may be curtailed to a greater extent in Cy 
mertensiana. Although transpiration rates (cal O22020826nG 
H,0eg dry wt~'eh~') and species differences were not 
Significant, mean daily rates tended to be slightly higher 
and maximum daily rates 1.4 times higher in C. mertensiana 
than in C. tetragona. The low rates measured in Cassiope are 
Similar to those reported for other evergreen Ericaceous 
dwarf shrubs at treeline (Stocker 1931, Pisek and 
Cartellieri 1934), but are lower than the rates of sympatric 
deciduous shrubs, forbs, and graminoids (Bliss 1960, 
Oberbauer and Miller 1981). 

The differential stomatal response of C. mertensiana 
and C. tetragona can partially be explained by cell wall 
characteristics which influence the partitioning of 


component potentials with changes in water content. Old 


leaves of C. tetragona and current and old leaves of C. 


mertensiana have relatively rigid cell walls. Water loss 1s 


accompanied by a small decrease in cell volume and, 


tuleaveseorece 
but a relatively large decrease inW, Curren ed 


‘ae . 
tetragona have more elastic cell walls and positive turgo 
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is Maintained at a lower water content. This appears 
responsible for the maintenance by €s tetragona of 
relatively constant turgor during the summer months in the 
field studies. Although both Species possess sclerophyllous 


leaves with many xeromorphic features, the change inW with 


L 


water loss, and the estimates of cell wall elasticity 
indicate they are mesophytic species and not adapted to 
extreme drought. 

These results agree with other studies of the response 
of alpine species along mesotopographic gradients. Oberbauer 
and Miller (1979,1981) compared the water relations of 
evergreen shrubs, deciduous shrubs, forbs, and graminoids in 
different vegetation types and habitats around a snow patch 


in the Alaskan alpine tundra. The Cassiope tetragona zone 


had the greatest water stress (lowest water potentials) of 


all sites sampled. Cassiope tetragona had the lowest 


transpiration rate and highest leaf resistance, and reached 


the lowest of all species measured. 


XPPp 


Stomatal closure as a direct response to evaporative 


conditions of the atmosphere has been reported in a wide 


range of plants (Lange et al. 1971, Schulze et al. 1972, 


Pallveteaknal976prShertft o1977% Farquhar 1978). Mooney et 


al. (1965) found differences in the water requirements of 


California alpine herbaceous plants related to patterns of 


their local distribution. Plants of wet sites transpired 


More but displayed a greater midday reduction during periods 


of high VPD. Johnson and Caldwell (1975, 1976) compared the. 
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responses of four arctic and alpine Species to atmospheric 
and soil moisture stress. All species exhibited stomatal 
closure with increasing atmospheric moisture stress atenigh 
soil water potentials. However, the wet site species 
exhibited small reductions inW 


stomatal closure due to changes in bulk leaf water status. 


and apparent hydropassive 


This resulted in a reduction of photosynthesis. The species 
with wider habitat ranges showed no significant declines in 
y with increasing VPD. The stomata may have responded 
directly to VPD and prevented water loss by partial stomatal 
closure. Photosynthesis was not as abruptly curtailed by 
increaSing atmospheric or soil moisture stress as in the wet 
Site species. Similar patterns of cell wall elasticity and 
Partitioning of water potential and component potentials 
were found in C. mertensiana and C. tetragona as in the wet 
Site and the wider ranging species, respectively. However, 
hydropassive reductions in stomatal aperture due to changes 
in bulk leaf water status appeared to occur in both species 
of Cassiope, but to a greater extent in C. mertensiana’. The 
cell wall characteristics of C. tetragona may have abated 
reductions inW, and stomatal closure. 


The characteristics of the summer water PEelat Troncice 


e to their survival ability in different 


Cassiope may relat 


‘ ; i in 
microenvironments. Cassiope tetragona 15S able to mainta 


Positive turgor necessary for cell wall expansion and shoot 


Growth (Cleland 1967, 1971, Ray et elt n ROL Hsiao 1973) and 
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increasing atmospheric or soil moisture Stress. Growth and 
photosynthesis of C. mertensiana is favored in more mesic 
sites. 

The winter water relations of Cassiope are regulated by 
the relative exposure of microsites and snow cover. Osmotic 
potentials decline in early fall and winter and are 
paralleled by a decline inY, except in snow covered plants. 
This response is characteristic of evergreen Ericaceous 
Shrubs and does not indicate water stress (Pisek 1956, 
@ranguillini: 1963, «Wilkinson“1977), but rather the 
Overwinter storage of reserves or protoplasmic augmentation 
related to cold hardening (Siminovitch et al. 1968). High 
Becertcontentst (cat 230%) and W (>-3.1 MPa) are maintained 
by C. mertensiana in normal habitats (i.e. deep snow 
accumulation microsites) through the winter. Plants are 
exposed to only short periods of desiccation prior to being 
snow covered. No desiccation injury of C. mertensiana was 
observed in its normal habitats. Xylem sap cavitation 
frequently occurs in early winter, but is usually alleviated 
beneath the snow. Cavitated plants are not subjected to 
stress conditions in the water-vapor saturated, subnival 
environment. Water uptake by roots does not occtruduringsthe 


winter months because soils are <-1° (Larcher 1957). 


avorable 


Cassiope tetragona experiences less f£ 
bt ; ion 
Sonditaonstinsallwbut very deep snow accumulat 


Microsites. Snow cover is delayed with respect to C. 


mertensiana habitats and plants may project above the snow 
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in exposed microsites in mid winter, even in years of normal 
winter snowfalls. Exposed shoots experience xylem sap 
Cavitation and severe dehydration with no potential for 
replacing lost water. Water potentials often drop to levels 
<-6.0 MPa but appear non-lethal, in contrast to Ce 
mertensiana. In very exposed microsites, snow cover is 
periodic and plants dehydrate to water contents <ca. 
160-170% and severe injury results. Desiccation damage to oF 
tetragona in its normal habitats is directly related to 
exposure. Minor desiccation damage can occur even in 
microsites of relatively early snow cover due to higher 
temperatures and VPD's in early winter. 

Transplants of both species experienced severe 
desiccation and wind erosion of plant tissues in exposed 
Dryas habitats. Desiccation damage was greater in C. 
mertensiana and appeared to occur at higher water contents 
than in C. tetragona. Cassiope mertensiana also exhibited 
Significantly greater tissue damage in the C. tetragona 
transplant microsite. The potential for desiccation in areas 
of low or variable snow cover excludes C. mertensiana from 


such sites. Edwards (1980) reported similar desiccation of 


C. mertensiana on Mount Rainier when shoots protruded above 


the snow all winter. The high mortality was explained on the 


basis of low leaf resistance under cold conditions, stomatal 


arrangement, and xylem sap cavitation. 


Physiological and morphological factors are involved in 


the greater tolerance ofa. tetragona to winter desiccation.. 
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Laboratory experiments indicate that both species dehydrate 
rapidly when exposed to severely desiccating conditions. 
However, the rate of water loss is greater in C. mertensiana 
and plants are unable to survive at as low levels of tissue 
hydration as C. tetragona. Leaves of C. mertensiana 
frequently project at a slight angle away from the stem 
exposing Stomates and a greater leaf surface to desiccation. 
Leaves of C. tetragona are more closely imbricate and 
dehydration tends to seal the abaxial groove and adaxial 
leaf surface. The shoot apex has many dense and active 
glands which secrete resinous material, helping to seal the 
young leaves and apex against water loss. Furthermore, these 
glands may function as hydathodes, absorbing and secreting 
water to the apical meristem (Bocher 1981). Severely 
desiccated shoots of C. tetragona often have undamaged 
immature leaves and apices, while damage to C. mertensiana 
is more total. 

Field desiccated shoots of Cassiope were reddish-brown 
in color, resembling the desiccated needles of conifer 
krummholz (see Tranquillini 1979) or the winter browning of 
Calluna and other heath species (Watson et al. 1966). The 


traditional explanation for such damage has been the 


evaporative loss of water from exposed foliage when soils 


are frozen and uptake pron ebived However, Pe .1seeEten 


Gifficult to distinguish the cause of such damage because 


both drought and freezing may be involved (Tranquillini 


1964, 1979). Increasing water stress that is reversible may . 
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be indistinguishable from irreversible dehydration that 
occurs after tissues are injured from other causes. Wardle 
(1981) demonstrated that first-year needles of Picea 
engelmannii developed typical desiccation-damage patterns 
after freezing experiments. The damage to C. mertensiana was 
more extensive and only broadly correlated with shoot 
exposure, suggesting that low temperature stress may have 
been involved. 
E. Cold Hardiness 

Cassiope mertensiana and C. tetragona develop a cold 
tolerance to levels below the minimum temperatures in their 
respective habitats. Summer plants of both species can 
tolerate temperatures to -10°C which is below minimum summer 
temperatures. Winter hardy C. mertensiana is injured by one 
hour exposure to -26°C and severely injured at -36°C. Winter 
hardy C. tetragona can tolerate these temperatures with 
little injay. Temperatures <-26°C frequently occur in 
exposed C. tetragona habitats in mid winter. 

These results are consistent with other studies of 
evergreen Ericaceous shrubs and their habitat requirements. 


Tranquillini (1963, 1964) reported that Rhododendron 


ferrugineum, Vaccinium vitis-idaea, and Erica carnea were 


frost sensitive plants, hardy to only 220 tomea24 Ceandethus 


limited to snow protected sites near treeline. Heath species 


of more exposed sites (e.g. Loiseleuria procumbens) were 


-36° i and 
able to tolerate temperatures down to 36°C heSadkamea 


Otsuka (1970) determined the freezing resistance of alpine 
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plants in Japan. Cassiope lycopodioides was the least hardy 
(=40°C leaf, -30°C stem) of all the plants sampled in 
winter, and is restricted to protected sites. Bieble (1968) 
measured the hardiness of many species in Greenland. 
Cassiope tetragona could tolerate -8°C for 24 h in the 
summer and -46°C for 0.5 h in the winter. 

Low temperature is an important factor in determining 
plant distributions and has led to the evolution of cold 
hardy taxa in continental climates with severe cold and dry 
Winters (Parker 1963, Sakai and Weiser 1973). Southern 
provenances of cold temperate and boreal woody species 
retain an inherent ability to harden although moderated by 
the timing of growth cessation in the fall (Scheuman and 
Schonbach 1968, Smithberg and Weiser 1968). Species of Salix 
now adapted to tropical regions also possess a genetic 
potential to harden that apparently evolved in cold climates 
(Sakai 1970). In contrast, taxa that evolved in maritime 
climates with mild and wet winters including subalpine and 
alpine shrubs of New Zealand (Sakai and Wardle 1978), 
Australia (Sakai et al. 1980), and the East Himalaya (Sakai 
and Malla 1981), do not possess a high level of hardiness. 

Arctic and alpine populations of wide-ranging dwarf 
Shrub taxa are typically hardy during the summer to <-5°C 


and during the winter to <-40°C (Tranquillini 1963, 1964; 


Bieble 1968: Sakai and Otsuka 1970; Somers 1981). Most 


alpine species are similarly hardy during the summer (Ulmer 


1937, Pisek and Schiessl 1946), a requisite in cold, tundra 
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environments. However, some differ in their potential to 
harden during the winter which may reflect floristic 
history. The cold hardiness of C. mertensiana and ce 
tetragona correlates with their habitat restrictions in the 
Canadian Rocky Mountains and their overall geographic 
distributions. Cassiope mertensiana, similar to many other 
taxa with maritime distributions, has a low level of cold 
hardiness and is restricted to areas with mild winters or 
where deep snow accumulations limit exposure to low 
eemperatures. The evolution of a high level of cold 
hardiness in C. tetragona may have allowed its spread into 
cold arctic and continental alpine regions. Most other 
members of the genus and the growth form may be excluded 
from these areas of low and variable precipitation, low air 
temperatures, and generally severe winter conditions. 

F. Integration 

Differences in the physiological tolerances of these 
heath species are responsible for their niche separation in 
the Canadian Rocky Mountains. Winter microenvironments 
impose stringent constraints on plant survival while summer 


microenvironments influence plant growth and vigor (Table 


21). Cassiope mertensiana is restricted to protected sites 


of early and deep snow accumulation where winter desiccation 


and cold temperature injury are avoided. Late snow release 


i egime 
Provides a more favorable summer soil moisture reg 


lope 
conducive to greater photosynthes1s and growth. Cassi 


f a greater 
tetragona occupies more exposed sites because oO g 
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tolerance to summer atmospheric and soil moisture stress, 
winter desiccation, and low temperatures. It is not 
restricted from C. mertensiana habitats due to an 
intolerance of shortened growing periods per se, although 
"competitive ability" is probably reduced in such sites. 

The tolerances of these species influence their overall 
geographic distribution. Cassiope mertensiana is restricted 
to maritime regions with mild winters and deep, dependable 
snow cover. In areas such as the Olympic Mountains, Sierra 
Nevada, and the Cascade Ranges where summers are warm and 
dry, it is highly restricted to microsites where delayed 
snow release and meltwaters help alleviate summer drought. 
Climatic variability increases in continental regions and it 
is restricted to more protected areas below treeline, i.e. 
habitats of greater environmental stability. Cassiope 
tetragona has evolved greater physiological tolerances and 
is thus more widespread in continental, alpine regions 
(Rocky Mountains) and the Arctic. 

Dwarf shrub heath species are able to transgress 
treeline in the warmer, more protected microenvironments 
near the ground, but are limited at higher elevations and 
latitudes by many of the same factors that limit tree 


growth. In the low alpine and Low Arctic they are restricted 


to intermediate sites along mesotopographic gradients where 


ear vergreen 
extreme environmental conditions are avoided. The e g 


n and 
habit conveys certain advantages related to plant carbon a 


isi is a low 
Nutrient balance but a requisite to plant survival is 
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mortality of evergreen tissues during winter. Habitats that 
are too exposed, i.e. accumulate less than a moderate snow 
cover in normal years, subject plants to lethal stresses 
during unusually dry winters. Evergreen dwarf shrubs have 
low growth rates, depend upon vegetative growth rather than 
sexual reproduction to maintain local populations, and have 
a low potential for recolonization, and thus can only 
persist where the winter survival of tissues is assured. 
Climatically severe tundra environments prohibit the 
maintenance of erect evergreen tissues that project above 
the snow or boundary layer near the surface. Evergreen 
Species that survive in wind-exposed tundra habitats have 
evolved the cushion habit and greater tolerances to drought 
and low temperatures. Although they share with Cassiope many 
of the same physiological response patterns and conservative 
features, the prostrate form avoids some of the 
environmental adversity experienced by the erect shrubs. At 
the other end of the exposure gradient exists a tension zone 
where the length of the growing season determines summer 
carbon gains and long-term plant maintenance. In habitats of 
extremely late snow release the evergreen dwarf shrub habit 
is at a disadvantage and graminoids or forbs which posses 


high photosynthetic capacities and a different allocation 


Strategy are favored. 


This study contributes to a better understanding of an 


; . i in 
important taxon of treeline environments. Differences 1 


species tolerances to water and low temperature stress are 
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described which help explain vegetation patterns and 
geographic distributions, and suggest constraints to growth 
-and survival of the growth form in severe tundra 
environments. Questions have been raised concerning the 
adaptive significance of leaf sclerophylly and the 
conservative growth habit that suggest future areas of 


research with these and other dwarf shrub heath species. 
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Table 26. Soil profile AESchiptionmateSi teeoe 

SSS Ee a 
Site 3 is located at 2010 m on a 25% N Slope. The well to moderately 
well drained pedon supports a Picea-Abies closed forest with a dense 
shrub understory of C. mertensiana and Vaccinium scoparium in small 
openings. Glacial till has been mixed by colluvial action. Frost 
hummocks are common. 
a ee ee ee eee 
Horizon Depth (cm) Description 

Ae ee a ee SS ee ee eS ee NE ee 


Site 3. (C. mertensiana-Vaccinium): Orthic Dystric Brunisol 
E C=O Fibrous turf; abundant, very fine to 


coarse random roots; abrupt, smooth 
boundarys 4[Seceme thick: 


DD Very dark grayish brown (10 YR 3/2 m, 
5/2 d) sandy loam; very weak, fine 
subangular blocky; loose, very friable; 
very few, very fine random roots and few, 
fines to Coarsely hor) zontal roots: 
abundant, gravel and cobbles at lower 
boundary; clear, irregular boundary; 
1O=29ecmmthick? Ss trongihy facie 
Discontinuous organic layer (8 cm thick) 
at 14 cm depth. 


S) 
1 


Bmy 


C DOo Dark grayish brown (2.5 Y 4/2 m. 6/4 d) 
sandy loam; amorphous; very friable; 
some, gravel and cobbles; stronaqly acid. 
Frozen soil at 53 cm depth on July 26, 


Wehr. 
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acm ove Son) HiTorn lle descriptions at Site 4. 
yer erin ee SS 
ote 4 is located at 2135 m on a 24% N Slope. The rapidly to well 
drained (C. tetragona-Oryas) and moderately well drained (Cc. 
mertensiana) pedons support communities of Cassiope spp. in 
different microsites (See Figure 7). Glacial till has been depasited 
on Precambrian sandstones, conglomerates, siltstones, and slates, 
and mixed by colluvial action. Some aeolian deposits may be present 
in depressional areas. Frost hummocks (to 50 cm height) abundant in 
C. mertensiana microsite, with frequent mixing of Ah and Bm 
horizons. 
ee ee ee ee ee ee 


Horizon Depth (cm) Description 


site 4. (C. tetragona-Dryas): Orthic Dystric Bruni'sol 


{. PIEXO) Fibrous turf; abundant, very fine to 
medium roots and few. coarse roots; 
abrupt, wavy boundary; ©-3 cm thick. 


Black (iO YR2/ a= ne 3/2. d)s samdv= loam 
very weak, fine subangular blocky; loose, 
very friable: plentiful, very fine to 
medium random roots and few, coarse 
roots; clear, irregular boundary; 2-10 cm 
thick strongly. acid. 


Ah 


oO 
1 
w 


Bmy B= |B Very dark grayish brown (10 YR 3/2 m, 
4/3 d) sandy clay loam; very weak, fine 
subangular blocky; loose, very friable: 
few, very fine to medium horizontal 
roots; few, angular gravel at lower 
boundary; clear, irregular boundary; 
6-12 cm thick; strongly acid. 


Olive brown (2.5 Y 4/3 m, 6/3 d) sandy 
loam: amorphous; very friable; abundant, 
angular gravel; Stir Omeilvs a Gace 


Site 4. (C. mertensiana): Orthic Dystric Brunisol 


Fibrous turf; abundant, very fine to 
medium roots; abrupt, smooth boundary ; 


3-4 cm thick. 


L SO 
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Table 27. (continued) 
eee ee ee ee 
Horizon Depth (cm) Nescription 


Ah 


Bmy 4 


Bmy2 


Cgj 


LUG 


NO Sstp7: 


17+ 


Verye dark gnay™ (1GsYR= 3/1 my 4/2 da) loamy 
Sand; very weak, fine subangular blocky: 
loose, very friable; plentiful, very fine 
to medium random roots; clear. irregular 
boundary; 7-10 cm thick; extremely acid. 


Browne (i0O-¥R. 4/3°>m, 5/3 d) sandy clay 
loam; very weak, fine subangular blocky; 
loose, very firable; few, fine horizontal 
and oblique roots; clear, wavy boundary; 
Aaimem athuicks veryaes EF onGilysachide 


Very dark grayish brown (10 YR 3/2 m, 
5/2 d) sandy clay loam; very weak, fine 
subangular blocky; loose, very friable; 
few. fine horizontal and oblique roots; 
abrupt, wavy boundary; 3-7 cm thick; 
very strongly acid. 


Olive brown (2.5 Y 4/3 m, 6/3 d) sandy 
clay loam; common, fine, distinct reddish 
mottles above cobbles; amorphous; very 
friable: few, fine roots; some, gravel 
and cobbles; very strongly acid. Frozen 
soil at 50 cm depth on July 27, 1973. 
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irabvies28. (Soils profile descriptions at Site 5. 
ee eee ee eee 
SIteRS) 1s located at, 2225 m along the summit ridge on a 5% N slope. 
These rapidly drained pedons support C. tetragona-Dryas in sliahtly 
Gepressional microsites and grade rapidly into stony pavement, 
scree, or surficial bedrock with very scattered plants of Dryas, 
Oxytropis, and C. tetragona. Precambrian sandstones and 
conglomerates are covered by varying thicknesses of colluvium in 
depressional microsites. Some aeolian deposits may be present. 
ee ee 
Horizon Depth (cm) Description 


ieee a TE ee re I ee ee a ee 
site >, (CC. tetragona-Dryas): Orthic Dystric Brunisol 


rt 6-08, Fibrous turf; abundant, fine to medium 
random roots; abrupt, smooth boundary ; 
BoM Kern “slanieiee 


Ah O-6 Very dark gray (10 YR 3/1m, 4/2 d) loamy 
sand; very weak, fine subangular blocky; 
loose, very friable; few, fine roots; 
clear, broken boundary; 6-10 cm thick; 
very strongly acid. 


Bm1 6-42 Very dark grayish brown (10 YR 3/2 m, 
4/3 d) sandy clay loam; very weak, fine 
subangular blocky; loose, very friable; 
very few, fine roots; clear, smooth 
boundary; 3-12 cm thick; very strongly 


acid. 


Bm2 D= 18! Brown (10 YR 4/3 m, 5/4 d) sandy clay 
loam: very weak, fine subangular blocky; 
loose, very friable; clear, smooth 
boundary; 1-2 cm thick; strongly acid. 


Cc ikeaee Olive brown (2.5 Y 4/3 m, 6/3 d) sandy 
Yoam: amorphous; very friable; some, 
gravel and cobbles; strongly acid. 
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Table 28. (continued) 
a a a ar ee 
Horizon Depth (cm) Description 


Site 5. (Stony pavement-widely spaced plants): Orthic Regosol 


Ah @=3 NASA Cleielke Yale (Calo) Wee Sy/al inl, S72 cli) Srlayole 
very weak, fine subangular blocky; loose, 
very friable; abundant, very fine to fine 
random roots; abundant, gravel and 
cobbles; clear, wavy boundary; 2-4 cm 
thick: medium acid. 


c 3-20 Olive brown (2.5 Y 4/3 m, 6/3 d) loamy 
sand; amorphous; very friable; abundant, 
gravel and cobbles; strongly acid. 
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